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Abstract
This thesis reports novel methods  for carbon nano tube  synthesis, purification and 
decoration,  which have been designed to  be facile processes,  with high potential for scale- 
up manufacture.  The synthesis routes  out lined compares  with methodologies  highlighted in 
the  recent  literature, with respect to the  quality of  materials produced,  and ease of sample 
preparat ion with reduced processing steps.
Decoration of carbon nano tubes  with magnetic iron nanopart ic les  has been achieved using 
a novel synthesis route  with cyclopentadienyl iron dicarbonyl dimer as a precursor  to  the  
nanopart icle formation.  The thermal  decomposi tion protocol for the  material is key to  the  
beneficial propert ies of the  final carbon nano tube  hybrid material being realised. 
Decomposi tion forms iron nanopart ic les  tha t  have shown catalytic activity and absorb 
carbon (also provided by the  compound) which is subsequent ly  exuded as a protective 
graphitic shell. A wide range of synthesis t em pera tu re s  have been studied,  250° C to  1200° 
C, and led to  varying degrees  of graphitization, analysis of the  protective abilities of  the  shell 
to  the  "core"' nanopart ic les  has been studied. Resistance to  acid dissolution has been  shown 
and a potential application for removal  of  organic materials ( rhodamine dye) f rom w a te r  has 
also been demons tra ted .
The synthesis of single and few-walled carbon nano tubes  of very high quality has also been  
shown,  using the  organometallic compound used to  decora te  CNTs, the  first t ime this has 
been  demons t ra ted  for this compound.  Synthesis has been carried ou t  on silicon and quartz 
subs trates  in a pho to- thermal  chemical vapour  deposit ion (PT-CVD) chamber,  with minimal 
sample preparation required.  The quality of the  CNTs produced has been assessed by 
Raman Spectroscopy ( I d / I g ratio), showing extremely high CNT quality, some  of the  highest 
reported using a CVD based technique. The defect  concentrat ion has been shown to  be 
lower than  some commercially available products.  Simplification of the  sample preparat ion 
required for carbon nano tu be  synthesis has been achieved; the  compound  and method  
used in this study has the  potent ial  for scale-up manufacture  and to  be a competit ive high 
quality carbon nano tube  product.
The purification of carbon nano tubes  and carbon nano tube  loaded composi te materials has 
been investigated using a customised s team t r e a tm e n t  process. Reduction in defect  
concentrat ion and amorphous  carbon con ten t  has gene ra ted super-resilient CNTs, a fraction 
of which are  res is tant  to  oxidation in air at  t em pera tu re s  of up to  900° C, compared to  550° 
C before s team t rea tm en t .  Diameter  selective oxidation of  CNTs is also discussed. This 
process has the  potential to  fu r ther  purify commercial  CNT materials,  obtaining a higher 
quality product , and has been applied to  CNT loaded fibres to  remove polymeric and 
surfactant  materials to  obtain highly aligned carbon nano tube  sheets.
This thesis out lines s traightforward synthesis routes  tha t  can reduce sample preparation 
and processing t imes whilst maintaining, and in some cases improving, the  quality of 
comparable  materials tha t  are  commercially available. Quality of carbon nano tube  materials 
has been  assessed using Raman spectroscopy and thermogravimetr ic  analysis; 
corresponding to  the  defect concentrat ion,  amorphous  carbon conten t  and oxidation 
t em pera tu re .  The facile processes  have been carried out  on small scales to  prove the  
underlying principles; the  processes  have great  potent ial  for up-scaling to  industrial scales. 
Future work should be directed at  incorporat ing these  high quality carbon nanostruc tures  
into composites,  such as carbon paper  for lightweight electronic screening and composi tes  
requiring low weight  and increased tensile strength.
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1 Introduction
1.1. Scope
One of th e  major  challenges, for academia and subsequent ly  for the  commercial isat ion of 
carbon nano tu be  based materials and devices, is producing high quality materials a t  low 
cost. Reducing the  price of high quality raw materials will in turn lead to  lower 
manufactur ing costs, providing more  scope for commercial isat ion of these  materials.  This 
project has focused on th ree  areas of  carbon nano tu be  (CNT) research;  firstly a novel 
synthesis route  for the  decorat ion of CNTs with pro tec ted  iron-rich nanopart icles,  secondly 
the  product ion of high quality CNTs using a facile synthesis route,  and, finally the  
purification of CNTs and CNT loaded polymer fibres using a customised s team t r e a tm e n t  
process. The synthesis routes  studied were  designed to  be relatively quick and 
uncomplicated,  allowing the  potent ial  for high th roughput  and low running costs. The 
presen ted  research provides routes  to  obtain high quality materials compared  to  current  
literature, whilst showing advantage with respect to  process  t ime and cost.
The general  focus of  this research has centred on exploring previously unstudied and lesser 
studied routes  for the  chemical synthesis and decorat ion of carbon nano tubes  (CNTs) and 
CNT based nanocomposites .  This thesis will first discuss the  motivation of  exploring 
materials of this na ture  and provide a summary  of the  research already conducted.  The 
major  synthesis and characterisation techniques used th roughout  the  project  will be 
explained with specific emphasis  on the  relationship be tw een  techniques and the  
information gained from them. The ou tpu t  of research undertaken will then  be discussed in 
th ree  chapters ,  comprising of decorat ion of carbon nano tubes  with magnetic nanopart ic les  
to  form a covalently bonded nano-hybrid material,  carbon nano tube  synthesis using the  
same organometal lic precursor  used to  form magnetic nanopart icle and s team purification 
of carbon nano tubes  and CNT loaded nanofibres.
1.2. Decoration of Magnetic Nanoparticles on Carbon Nanotubes
The first area explored in this project focused on exploiting the  useful propert ies of a lesser 
studied organometal lic precursor  to  chemically at tach iron nanopart icles to  pre-grown 
multiwalled carbon nanotubes  (MWCNTs) in order  to  form a magnetic  hybrid material.  We 
were able to  capitalise on the  interest ing chemical and physical propert ies  of a relatively 
unexplored organometallic precursor (within the  area of nanotechnology) . The synthesis 
procedure was aimed to  be s traightforward and inexpensive, there fore  maximising the 
potential for upscale for industrial purposes . The only prerequis ites  for nanopart ic le  growth 
and a t t achm en t  are a thermal  source with the  ability to  reach high t em p e ra tu re s  (up to 
1200°C have been s tudied) and supply of  an inert a tm osphe re  (nitrogen) to  the  system. The 
current  design of the  appara tus  allows for gram quanti ties  of the  hybrid material to  be 
produced.  For larger quanti ties  to  be synthesised, all t h a t  is required is a bigger furnace,  
showing tha t  upscale is attainable.  For research in to  the  synthesis condit ions and 
optimisation of the  procedure, the  current quanti ties  produced are  sufficient to  prove the  
principles. No up-scaling has been  carried out  in this project. Thermal  decomposi t ion of  the  
compound has led to  the  product ion of a magnetic carbon nano tu be  hybrid material,  with 
protected iron rich nanopart ic les  covalently a t t ached  to  the  side walls of CNTs.
In this procedure, magnetic  iron-rich nanopart ic les  were  formed and a t tached to  MWCNTs 
and s imultaneously protected  by encapsulat ing them  in a graphitic carbon coating. Forming 
nanopart icles  and subsequent ly  a ttaching them  to CNTs has been previously studied, 
however  this is the  first example of  a synthesis procedure which successfully produces,  
a t taches and protects nanopart ic les  in a single step. When heat ing the  precursor  within a 
non-oxidative environment ,  the  molecule starts to  break down;  organic groups within the  
molecule decompose,  leaving the  central iron atoms.  Reducing i ron-containing com pounds  
to form nanopart icles is not  new in itself, and can be achieved with a variety of  iron salts. 
However, iron salts do not lead to  nanopart icles having a protective carbon coating. For this 
to  occur, a carbon source must  be present ,  which in this work is supplied by the  
decomposi tion of the  carbon-containing groups in the  precursor. Other iron-containing 
organometal lic compounds  do not  lead to  nanopart ic les  under  similar conditions; the  
decomposi tion route  for the  compound used is important  to  their  formation.
As the  nanopart ic les  are formed,  carbon containing groups thermally decompose.  At the  
tem pe ra tu re s  studied, the re  is enough energy present  for t he  iron nanopart ic les  to  absorb 
carbon and form iron carbide. During the  cooling process, carbon is exuded and graphitic 
layers are  formed around the  nanopart icle,  which acts as a protective barrier. We 
demons t ra te  t ha t  the  product  is resistant  to  oxidation upon long term exposure to  air and is 
also resistant  to  dissolution in acidic solutions. Within the  literature, nanopart ic les  have 
been coated with a variety of  materials to  form a protective or  sacrificial barrier. By using 
graphitic carbon as the  protective layer, the  same processing procedures  tha t  have been 
successfully used for CNTs, such as the  addition of functional groups, can be applied to  the  
graphitic coating. Therefore chemical functionalisation of the nanocompos i te  can be 
achieved, beneficial functionalisation procedures  include adding selectivity to  the  material 
or increasing the  solubility of the  hybrid.
The nano-hybrid material has successfully been dem ons t ra ted  here  as a material for the  
removal of organic m at te r  from water.  This was displayed by using an organic dye 
(rhodamine B) in solution. The nano-hybrid material was able exploit various interact ions 
be tw een  the  nanomater ial  and the  dye, including n-stacking interactions be tw een  the  
nano tube  and the  phenyl ring present  in the  dye. This aromatic stacking is a result of  Van 
der  Waals forces be tw een  the  two  materials and are s t rong enough to  withstand agitation 
and manipulat ion of  the  sample but  are  not  covalently bonded^. The quality of  the  
nanotubes  play an important  role in the  absorpt ion potential of the  material,  whe re  
nanotubes  with lower num ber  of defects and low amorphous  carbon con ten t  will absorb 
more of the  dye^. Therefore,  the  graphitic coating surrounding the  nanopart ic les  is of 
notable benefi t  (when compared to  an amorphous  carbon coating or  no coating) and can 
carry out  absorption of  the  organic dye in the  same way as CNTs can. A key aspec t  of  using 
any nanomater ials  for such an application is the  subsequen t  removal of the  material and th e  
absorbed compound(s) as there  is much controversy and scrutiny over  the  environmental  
and toxicological impact of  these  materials. Nanotubes are successfully removed from the  
solution by applying a magnetic  field, as the  magnetic nanopart icles  are  able to  pull the  
at tached nano tubes  with adsorbed rhodamine out  of solution.
1.3. Carbon Nanotube Synthesis
The organometal lic compound used as the  precursor to  nanopart icle formation (in Section 
1.2) has been shown to produce iron nanopart ic les  and to  absorb and graphitise carbon. 
This catalytic activity can be extended to  the  synthesis of carbon nanotubes.  The use of this 
compound was applied to  a chemical vapour  deposit ion (CVD) based CNT synthesis process 
using a photo- thermal  (PT) hea t  source.  The use of a catalytic CVD synthesis route  is 
beneficial, as it has potential for up-scaling when compared  to  o ther  well known growth 
methods,  such as laser ablation and arc discharge synthesis methods^. This synthesis route  
produced vertically-aligned CNTs (with the  growth direction at a right angle to the  substrate ,  
and known as forests). In a similar m anne r  to  nanopart icle formation,  the  compound  must 
decompose  to  form metallic iron nanopart ic les  tha t  can then  act as catalytic centres  for the  
growth of CNTs. The key difference be tw een  producing nanopart ic les  and synthesising 
carbon nano tubes  is the  am oun t  of  carbon absorbed  and subsequent ly  exuded  by the  
nanoparticle. In nanopart icle synthesis, t he  only carbon supply is an internal source from 
the  decomposi tion of organic groups contained in the  compound.  The introduction of an 
extra external carbon source allows for more carbon to  reach the  catalytic nanopart ic les  and 
results in growing CNTs instead of  producing pro tec ted  iron nanoparticles.  Using this 
compound  as a precursor  to  catalyst nanopart ic les  (instead of preformed nanopart ic les  or 
thin films of iron) for CNT formation has a num ber  of advantages, which are  discussed in 
Chapter 5.
A photo- thermal  CVD (PT-CVD) growth chamber  uses a hea t  source derived from infrared 
lamps and can heat  the  surface of the  sample to  reach a suitable CNT growth t e m p e ra tu re  
very quickly. It has the  added advantage of keeping the  subs tra te  t e m p e ra tu re  lower than 
tha t  at  the  surface. This method  has been used to  grow graphene^ and CNTs at  low 
substrate  t em p e ra tu re s ^  over  large areas  and at t em pera tu re s  compatible  with integrated 
circuit technologies^. This is ideal for CNT synthesis using the  organometallic compound  
discussed; the  short  t ime be tw een  applying the  hea t  source and reaching a suitable growth 
tem pe ra tu re  reduces the  risk of the  precursor subliming and being removed from the  
surface.
The precursor  to  the  catalyst can be applied as a solution, in a suitable solvent, to  the  
substrate  and subsequent ly  dried before  introduction to  the  CVD growth chamber .  Many 
CVD based growth procedures  use a layered substrate  which must first be prepared  by 
sput tering a num ber  of  metal  layers on to  a silicon wafer^. The simple sample preparation 
method  presented removes the  need for costly and t ime consuming sput ter ing steps. 
Therefore,  the  t ime taken and money spent  on sample preparat ion is reduced and future  
scaling of the  process is less problematic  as the  catalyst precursor  can be drop cast or 
sprayed directly on to  the  substrate.
Furthermore,  the  s tandard  layered substra te  used for PT-CVD growth of CNTs requires  an 
anneal ing s tep to  t ransform the  thin film into catalytically active nanoparticles. This is not  
the  case for the  method out lined in this project, by providing a suitable hea t  source in a 
reductive environment  the  organic groups present  in the  compound used are quickly 
removed,  resulting in the  product ion of catalytically active iron nanoparticles.  The internal 
carbon source from the  decomposit ion of these  carbon groups allows the  nanopart ic les  to 
absorb carbon immediately. By s imultaneously introducing an external carbon source 
(acetylene) the re  is enough carbon presen t  to  initiate nano tube  growth.  This removes  the  
need for a p re- t rea tm ent  s tep (annealing of the  catalyst layer) and still results in the  
product ion of  aligned carbon nanotubes  on the  substrate .  Removal of this s tep again 
decreases  processing time,  the  growth procedure only requiring 10-20 minutes  of  growth 
t ime in t he  reaction chamber ,  once the  precursor  has been sprayed on to  the  substrate .  The 
speed  at  which CNTs can be grown as aligned forests is a major benefi t  when  considering 
industrial relevance. As the  process  only requires one  growth s tep and produces high quality 
aligned CNTs with a small num ber  of walls, the  scope to  apply this process to  the  industrial 
product ion of CNTs is large.
1.4. Steam Treatment
The third area of research in this project investigates the  purification of CNTs and CNT- 
loaded nanofibres  using a customised s team t r e a tm e n t  process. These fibres were  
electrospun to  align the  fibres and the  CNTs contained within them , the  goal was to  remove 
the  scaffold polymer in order  to  obtain aligned sheets  of carbon nanotubes.  Steam
t r e a tm e n t  of  carbon nanotubes  has been  shown to remove amorphous  carbon as well as 
defects in previous studies, and is commercially used to  improve the  quality of CNT products 
in relation to  these  two paramete rs .  However, research undertaken  in this project has 
shown the  resul tant  nano tubes  to  be more  resistant  to  oxidation in air after  the  s team 
t re a tm e n t  process, with indications tha t  some  CNTs survive conditions as high as 900° C in 
air, hundreds  of degrees  above the  usual oxidation t em pe ra tu re  of  the  CNTs. Selective 
oxidation of specific CNT diameters ,  as de te rmined  by analysis of radial breathing modes 
present  in Raman spectroscopy, is also discussed. Additionally, this is the  first t ime tha t  a 
s team t r e a tm e n t  process has been applied to  aligned sheets  of CNT/polymer fibres. By 
s team treating this composi te  material,  selective oxidation of polymeric carbon is achieved, 
removing the  polymer and leaving highly aligned sheets  of highly purified carbon nanotubes.
Steam t r e a tm e n t  is carried out  in an inert  nitrogen environment  at  high t e m p e ra tu re  (900° 
C), which removes polymer material and amorphous  carbon impurities f rom the  sample.  
Generally, the  defect concentrat ion in the  samples  (determined by the  Iq/ Ig ratio obtained 
from Raman spectroscopy)  is reduced when compared  to  the  composi te  fibres before  s team 
t re a tm e n t  and to  the  raw nano tube  material.
By removing both polymeric and amorphous  carbon from the  sample the  beneficial 
properties  of  the  material are theoretical ly increased. The benefi t  of this is descr ibed when 
considering the  use of  sheets  of  t rea ted  material as a filter. When utilising the  bonding 
s tructure  of carbon nanotubes  to  adsorb compounds  from w ate r  through aromatic  stacking, 
the  num ber  of sites available for adsorpt ion is important  to  the  overall efficiency. By 
removing the  polymer and amorphous  products,  which are  assumed to  have no adsorpt ive 
ability, a higher percentage of the  nano tubes  will be available for adsorpt ion. Benefits may 
also been seen if the  material were  to  be used for electronic propert ies  as e lectrons will be 
able to  propagate  through the  sample with greater  ease.
In summary,  this chapter  introduces the  scope of the  research carried out  in this thesis. 
Novel methods  of carbon nano tu be  decoration,  synthesis and purification have been  
outlined. The m ethods  aim to be comparable  to  commercial  techniques in relation to  quality 
of material produced,  whilst removing sample p re- t rea tm ent  and processing s teps.  Chapter
2 reviews t he  l iterature to  set  the  context of the  methods  used in this thesis. The synthesis 
m ethods  used and the  instruments  subsequent ly  used to  character ise the  materials 
produced are  discussed in Chapter 3. Chapters  4,5 and 6 outline the  results obtained from 
the  synthesis techniques;  for the  product ion of  magnetic nanopart ic le  decorated  MWCNTs, 
synthesis of single and few-walled CNTs using an unexplored (in this context) organometal lic 
compound and a s team purification process  tha t  leads to  super  resilient CNTs respectively.
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2 Literature Review
This thesis descr ibes the  synthesis,  purification and decorat ion of carbon nano tubes  through 
facile routes , a imed to  produce high quality products  through scalable synthesis procedures , 
for integration in industrial product ion. In order  to  understand why carbon nano tubes  are of 
such high academic and industrial interest,  we  first need to  understand their  s t ructure  and 
propert ies.  Subsequently,  current  procedures  for each of the  research areas s tudied in this 
project will be summarised.
A brief history of carbon nano tubes  in relation to  o ther  similar carbon based s t ructures  is 
given, next a description of the  s t ructure  of carbon nano tubes  will be outlined, before 
describing the  types of CNTs tha t  can be produced.  Applications of  the  materials are  then 
discussed, highlighting their  academic interest and industrial relevance. A review of the  
important  historical synthesis methods  and those  relevant  to  the  synthesis method  out lined 
in this thesis are then  discussed and the  synthesis mechanism explained. During many 
synthesis procedures  a num ber  of unwanted  by-products (or impurities) are formed,  the  
purification methods  available are  reviewed with specific focus on those  applicable to 
catalytic chemical vapour  deposit ion grown CNTs and to  s team based purification routes.  A 
modified s team t re a tm e n t  process is out lined in this thesis and has expanded  on previous 
studies which are  summarised. Finally, the  synthesis of  iron (and iron oxide) nanopart ic les  
and their a t t achm en t  to  carbon nano tubes  to  form hybrid nanomater ials  has been 
evaluated before their  applications are discussed. The protection of  these  particles is key to 
many of  the  applications tou ted  for the  materials and has been examined. The synthesis 
route used in the  thesis has been put  in the  context of  the  l iterature to  highlight the  
beneficial differences be tw een  the  methods.
Since the  discovery of the  Buckminsterfullerene (Ceo)  ^ in 1984, carbon allotropes have been  
the  focus of  a large num ber  of  research groups around the  world. Research has led to  the  
discovery of  carbon nano tubes  (CNTs)^ in 1991 and single graphitic sheets ,  known as 
graphene^ in 2004, with other  undiscovered allotropes predicted such as graphyne 
networks^  Fullerenes, carbon nanotubes  and g raphene  all consist of sp^ hybridised carbon
and are of ten referred to  as low dimensional  materials because of their  extremely short  
length scales in one or  more  of their  dimensions.  Graphene  is one  carbon a tom thick and 
forms flat sheets,  therefo re  it is referred to  as quasi-2 dimensional,  whilst CNTs can be 
thought  of as rolled up g raphene  sheet s  forming long hollow tubes  (1-dimensional 
materials) and fullerenes are  spherical-like s t ructures  that  are extremely small in all 
dimensions and are  thought  of as 0-dimensional  materials.  These carbon allotropes have 
fully conjugated n-electrons confined to  the  dimensionality of  the  relevant  st ructure.  Some 
carbon nano tubes  (and graphene)  can be considered as organic metals.  As will be discussed, 
carbon nano tu be  shells have various types,  which de te rmine  their  electronic propert ies  to  
be either  semiconduct ing or  metallic, and both are  expected to  have a wide range of 
applications in molecular electronics, nanoreac to rs^  and for the  next generat ion of  hybrid 
materials^.
2.1 Overview of Carbon Nanotubes
Carbon nano tubes  can be formed of a single wall (SWCNTs), double wall (DWCNTs) or  many 
walls, known as mutli-walled (MWCNTs), depending of  the  synthesis conditions. All CNTs are 
hollow structures  with a central void, the  d iam ete r  of which is de te rmined  by the  shape  of 
the  catalyst particle during the  synthesis process  (for CVD based synthesis methods) ,  which 
will be discussed later in this chapter.  Primarily, CNTs have a hexagonal  sp^ hybridised 
carbon lattice and pristine s tructures are  shown to  have unique chemical, mechanical  and 
electronic properties.  However  many current  synthesis routes  do not  produce pristine 
structures,  instead defect  points are  also presen t  and can be subdivided in to  th ree  
categories: topological defects  (such as heptagon and pentagon rings), re-hybridisation 
defects  (sp and sp^ bonding instead of sp^) and incomplete bonding (vacancy points and /o r  
dangling bonds)^.
These defect  sites are  known to affect the  physical propert ies  observed in CNTs and the  
t em pe ra tu re  at  which these  materials oxidise in air^. Oxidation has been shown to initiate at 
kinks within the  nanotubes^ as well as at the  end caps and areas  of high defect  density^. 
High t em p e ra tu re  anneal ing of CNTs in an inert environment  has led to  a reduct ion in the  
num ber  of defects  and a correlated increase in thermal  stability^®, this and o the r  types of 
purification methodologies  are reviewed later in this chapter.  Other  unwanted  by-products
of  CNT synthesis include the  product ion of amorphous  carbon, o ther  sp^ carbon s tructures 
such as fullerenes and left over metal catalyst particles.
In MWCNTs, the  walls are  concentric rings tha t  are  not  chemically bonded to  one  another ,  
but  exhibit van der  Waals forces be tw een  the  layers, with the  distance be tw een  nano tube  
walls being dep e n d en t  on the  radius of the  nanotube^^ and the  num ber  and type of  defects  
present , ranging from 3.8 Â to 3.3 This inter-layer distance can be used to  suggest  the 
presence of multi-layered graphitic s t ructures  when analysing these  materials by TEM (as 
shown in Figure 2-1).
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Figure 2-1: A) Transmission electron microscope (TEM) image of graphitic carbon layers, a line profile of the  
layers (red line) is shown in B) the distance betw een maxima (intensity in arbitrary units) for a known 
num ber of layers can be used to  calculate the  inter-layer distance. 2.46 nm divided by 7 layers is 0.35 nm per 
layer and is consistent with the  inter-layer distance betw een graphitic shells (0.334 nm).
The presence of layers with this spacing indicates tha t  a graphitic like material is present  and 
should be coupled with o ther  tell tale signs of  CNT presence,  such as high aspect  ratio 
s t ructures  with a hollow core with diameters  of  1-100 nm. Typically, CNTs will be found as 
bundles,  as electrostat ic forces draw them  toge the r  and often catalyst particles will be 
found at  the  tip or base of the  nanotube ,  depending  on the  synthesis mechanism.
2.2 Carbon nanotube types
MWCNTs are typically considered to  be metallic because  of the  combined electronic 
propert ies of all the  individual shells. Whereas ,  single-walled CNTs can be considered to  be a 
rolled up graphene  sheet  and are e ither  semi-conducting or  metallic, depending  on the  way 
it has been rolled up, ra ther  than  being a result of differences in bonding or  the  presence  of
10
dopants  or  impurities. These properties  arise f rom the  quan tum  confinement  of  e lectrons in 
the  nano tube  in relation to  the  nano tube  axis.
When a g raphene  shee t  is rolled up and the  honeycomb lattice is parallel to  the  t u b e  axis 
the  nano tube  is non-chiral; t hese  configurations are known as armchair and zigzag. All o ther  
conformations have C-C bonds tha t  lie at  an angle to  the  tube  axis, known as chiral or 
helical. Figure 2-2 reproduced from R. Saito et al., depicts a graphene  shee t  and shows the  
different ways to  roll it up to  obtain numerous  vectors with (n,m) indices for the  carbon 
nano tubes  produced^^.
armchair
0  : metal # : semiconductor
Figure 2-2: A graphene sheet describing the  possible vectors of nanotubes and the (n,m) indices when the 
sheet is rolled up, also showing which of the  indices relate to  metallic CNTs and which are semi conducting, 
reproduced from R Saito et
There are  th ree  different types of  carbon nanotubes ,  they  are: armchair,  zigzag and chiral 
nanotubes .  Figure 2-3, reproduced from Terrones^^ depicts the  th ree  different  na no tube  
types. In single and double-wal led CNTs, the  different chiralities lead to  discrete variation in 
nano tube  diameter .  In this project single, double  and few-walled CNTs have been 
synthesised and character ised using Raman spectroscopy, which can lead to  determina t ion 
of  the  di am ete r  of  the  CNTs, which will be discussed in Chapter  3. In Chapter 6, a modified 
s team t re a tm e n t  procedure is used to  purify CNTs, results have indicated a shift in t h e  ratio 
of measured diameters,  suggesting tha t  there  is a difference in energy required to  oxidise
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different nano tube  types, which has led to  selective oxidation. Therefore,  it is impor tan t  to 
understand the  various nano tube  chirality types.
armchair zigzag
i
chiral
Figure 2-3: Different nanotube types, reproduced from M. Terrones, 2003 
arrangem ent of the  hexagonal carbon lattice can differ in nanotubes.
Displaying how the
Theoretical s tudies  on the  electronic propert ies of the  carbon nano tubes  show tha t  all 
armchair  t ubes  are  metallic. Also metallic are the  zigzag tubes  with values of  m and n tha t  
are multiples of 3, as expressed as in Equation 2-1.
integer = (2m+n) Equation 2-1
Nanotubes exhibit a one  dimensional  flow of  e lectrons as they  can only propaga te  along the  
nano tube  axis. This leads to  a finite number  of 1-D conduct ion and valence bands.  These 
bands depend  on th e  standing waves tha t  are set  up around the  nano tube  circumference.  In 
the density of s tates (DOS) of  nanotubes,  sharp spikes known as van Hove singularities are 
present ,  as a result of the  one  dimensional  conduction.  This is not seen in graphi te.  The 
semi-conducting nature  of nano tubes  can be interpreted from the  m ea s u rem e n t  of  the  
DOS, carried out  by scanning tunnelling spectroscopy (STS), as the re  will be a gap be tw een  
the  valence and conduction bands.  Figure 2-4 (reproduced from M. Terrones,  2003^^) shows
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t h e  valence (negative values), conduction (positive values) bands and the  Fermi energy (at 0 
eV) for a metallic armchair  nano tube  and a semi conducting zigzag nanotube.
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Figure 2-4: Differing density of states in armchair and zigzag nanotubes th a t causes a variance in electronic 
properties of the  nanotube. Zigzag nanotubes have a gap at the Fermi level, which leads to  semi conducting 
nanotubes, and the prerequisite optical bandgap^\
SWCNTs have been classed into th ree  categories: metallic, narrow band gap semi 
conducting (1/3 of all possible zigzag and chiral tubes)  and m odera te  band gap semi 
conducting (2/3 of all possible zigzag and chiral t ubes  nanotubes).  The band gap is tuneab le  
with selection of nano tube  chirality^^ and is inversely proport ional  to  the  nano tube  
diameter^®. The selective oxidation of  specific CNT diameters  in this thesis (Chapter 6) could 
lead to  the  isolation of carbon nanotubes  with specific chiralities, which is importan t  for a 
number  of  CNT applications.
2.3 CNT Applications
Due to their  theoretical  and experimental ly analysed unique electronic, mechanical,  thermal  
and optical propert ies,  summarised by Xie et al}^, CNTs have found applications in a wide 
variety of fields f rom field-effect t ransis tors  to hydrogen s torage devices^^ and toxic gas 
sensors to  lithium ion batteries^^. The large potent ial  for their  use has seen product ion 
capacity continue to  increase, along with number  of publications, illustrated by Figure 2-5^^.
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Figure 2-5: Graph to  show increased production of CNTs, along with num ber of publications and issued 
patents, taken from de Voider et al.^ ^
Carbon nano tubes  have been explored as nano-reactors,  which allows th e  s tudy of 
molecular t ransformations on the  single molecule scale and could change th e  way 
molecules are produced and s tudied in the  future^. One example of molecular 
t ransformations inside CNTs is th e  example of fullerene s t ructures  (Ceo) encapsulated inside 
SWCNTs, abbreviated to  C6o@SWCNT, which are  known as peapods.  These fullerene 
molecules can t ransform to  produce an inner  carbon nanotube ,  resulting in the  synthesis of 
a double-wal led CNT^°. These s t ructures  have been used to  show tha t  t h e  electronic 
propert ies seen in CNTs are  affected by inner  nanotubes,  not  just the  most  ou te r  shell^^. 
Filling SWCNTs with functionalised fullerenes has also been studied, one  example being 
SWCNTs filled with exohedrally functionalised fullerenes, such as C6i(COOEt)2, this type of 
material has been tou ted  for applications in catalysis and drug delivery^^.
The oleophilic propert ies  of CNTs have seen the  materials  used for oil recovery applications. 
Hashim et al. describe a boron-doped  CNT synthesis method tha t  produces th ree-  
dimensional  networks,  which can absorb oil^^. A major  benefi t  of using CNTs in this 
application is tha t  the  subsequen t  oil-rich solid can be burnt  without  affecting th e  CNT 
network and then  re-used, this means  that ,  in the  case of oil spillages at sea, t h e  oil can be 
recovered and used before  recycling the  material.
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Hybrid-CNT materials have found applications in organic photovoltaic devices, w here  they  
have been shown to  be efficient hole extraction layers, by wrapping conductive polymer 
chains around semi-conducting carbon nanotubes . The hope is th a t  dense  nanohybrid 
networks can replace the  currently used scarce and expensive materials^^. Although, carbon 
nano tubes  appear  black as a bulk solid, a thin shee t  (in the  o rder  of nanom eters)  of polymer 
w rapped CNTs appears  as sem i-transparent, a key factor for OPV technologies, with high 
transm ittance  of light at visible wavelengths recorded^^. CNTs are also described as one  of 
th e  m ost promising materials for ano the r  solar energy conversion strategy. Antenna solar 
energy conversion (ASEC) due  to  their  high aspect ratio, good therm al stability and 
nanosize^^.
Carbon nano tube  based com posite  materials have been  to u ted  as supercapacitor 
electrodes; these  composite  materials include nanoporous CNT-reduced g raphene  oxide 
(RGO) structures '^  and electrospun CNT-polymer nanofibres^^. An et ol. show  th a t  SWCNTs 
are a useful material for supercapacitor applications due to  their  high chemical stability, low 
resistivity and high surface area and s ta te  th a t  th e  perform ance of SWCNT elec trodes  in 
supercapacitor devices is d e p e n d en t  on a num ber of factors, including binder and annealing 
tem p e ra tu re  used^^.
Biosensors is ano the r  field in which nano tubes  have a ttrac ted  a high level of interest. Lahiff 
et al. s ta te  th a t  th e re  is a growing need for the  im provem ent in perform ance of analytical 
devices, whilst reducing pow er consumption and sample volumes, which can be achieved by 
using materials with high surface areas, such as CNTs^°. Barsan et al. use CNTs to  increase 
the  electroactive area in modified carbon cloth (CCI) materials^^. Wu et al. use CNTs to  form 
a conductive cellulose-MWCNT porous matrix and show th a t  direct electron transfer  from 
glucose oxidase to  the  material is possible^^.
Carbon nano tubes  have been  dispersed in polymer fibres^^; th ese  com posite  materials are 
also of in terest for applications including: reinforced composite  materials, filters and 
protective clothing^^. The yarn-like CNT fibres stand out against conventional carbon fibres, 
such as Kevlar® and Dyneema®, w hen comparing ability to  bend through tight radii w ithout 
pe rm anen t  damage^"^.
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Investigations carried out in this thesis primarily focus on the  synthesis and characterisation 
of CNTs and CNT-based hybrid materials, however it is im portan t to  realise which research 
areas use CNTs and w hat properties they  require from th e  CNT materials. Applications for 
CNTs have not been explored in grea t dep th  within this report. However, a magnetic-CNT 
hybrid is produced using a facile synthesis m ethod  and we use it as a proof-of-principle 
material for th e  removal of organic com pounds from water.
2.4 CNT Synthesis m e th o d s
Harris provides a history of carbon filaments going back to  Schultzenberger in th e  1890's^^. 
Since the  introduction of the  transmission electron microscope in th e  1950s, carbon 
filaments (also known as carbon whiskers) have been studied^^ However, only in 1991 was 
it reported  th a t  this type of material could be synthesised on th e  n an o m ete r  scale and since 
then  have been referred to  as carbon nano tubes  (CNTs)^. The m ethod used in th e  referred 
to  study was an arc-discharge evaporation m ethod  th a t  had been previously reported  for 
large scale synthesis of fullerenes^^. Two years later, single-walled CNTs (SWCNTs) w ere  first 
reported , using both iron^^ and cobalt^^ as catalysts.
At first, only small quantities of the  materials could be produced but synthesis on a larger 
scale, again using an arc discharge m ethod, was reported  by Journet et It was found 
th a t  the  high yield was d e p e n d en t  on the  kinetics of carbon condensation, th e  te m p e ra tu re  
and the  use of a secondary elem ental catalyst in th e  form of yttrium. The process form ed 
high quality (in relation to  defect concentration) SWCNTs in gram quantities, which the  
au thors claim could easily be scaled up.
Since then  laser ab la tion^ \ laser vaporization^^ and catalytic decomposition methods^^ have 
been shown to  synthesise CNTs on the  sam e scale. Combustion synthesis has also em erged  
as a viable production route^^ Extremely long SWCNTs have been grown using a w ater-  
assisted CVD technique^^ and continuous carbon nano tube  fibers and ribbons have been 
produced, directly from the  CVD synthesis zone of a furnace^®. This thesis focuses on 
catalytic chemical vapour deposition (CCVD), because this m ethod alone allows for the  
production of vertically aligned CNT arrays on th e  surface of a suitable substra te .
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compatible with integrated circuit processes"^^. A survey of the  literature will primarily focus 
on this technique.
2.4.1 Catalytic Chemical Vapour Deposition (CCVD)
Since CCVD was first used for CNT growth^^ the  m ethod  has been th e  focus of a vast 
am oun t of research. Unlike o th e r  CNT synthesis m ethods, CCVD allows control over the  
positioning of the  CNTs and synthesis at lower tem pera tu re s ,  which gives rise to  potential 
applications in microelectronics^^ as well as being a low cost alternative to  o ther  
techniques^®.
The m ost commonly used process uses a "fixed bed" system in which th e  metal catalyst is 
s ituated on top  of a rigid substra te , however th e re  are several CCVD derivative techniques  
used to  grow CNTs. A "floating catalyst" m ethod  does not require a rigid substra te ; instead 
the  catalyst (or catalyst precursor) en te rs  th e  reactive zone in the  vapour phase w here  CNTs 
are grown^®. This m ethod has since led to  the  introduction of th e  "fluidised bed" reactor, 
which allows grea ter  control of the  catalyst"^®.
Another group of CVD derivative techniques  are plasma enhanced  CVD (PE-CVD), which 
have been used to  lower th e  te m p e ra tu re  required to  obtain growth of aligned nano tube  
arrays. Creating a plasma source can be carried out in a variety of m anners  and include radio 
frequency (RF)®\ direct curren t (DC)®^  and microwave®^'®^ m ethods. The use of PE-CVD 
synthesis m ethods  has shown CNT nucléation at tem p e ra tu re s  as low as 120°C®®, however 
higher tem p era tu re s  w ere  required to  produce high aspect ratio CNTs (where th e  length of 
the  CNTs is significantly longer than  the  nano tube  d iam eter) and the  quality of th e  CNTs 
produced appears  to  be low. In general, one m ust distinguish be tw een  th e  te m p e ra tu re  at 
th e  growth front and the  te m p e ra tu re  of the  hea te r  or th e  substra te . For example, ion 
bom bardm en t from th e  plasma can account for a significant substra te  heating, even if th e  
subs tra te 's  h ea te r  is nominally only heating to  a couple of hundred of degrees®®. In our 
group, we have developed a technique w here  the  therm al budget is m anaged  so th a t  the  
growth front and the  substra te  can have te m p e ra tu re  differences of 200-300° C, so th a t  
high-quality CNTs can be obtained on substra tes  m aintained below th e  electronics 
industry's limit of 450° C®^ '®^ . This technique is discussed in th e  following section.
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2.4.2 P ho to-therm al (PT)-CVD
The work p resen ted  in this thesis has utilised a CVD techn ique  coupled with a photo-therm al 
hea t  source. This m ethod, like th e  PE-CVD m ethods  outlined previously, aims to  reduce the  
te m p e ra tu re  required for CNT synthesis. In this case th e  substra te  is kept at a lower 
te m p e ra tu re  than  the  reactive interface by providing heating from the  top  and careful 
tem p e ra tu re  m anagem ent, through reflective and therm al barrier layers, as well as th e  use 
of higher process pressures, to  allow hea t  to  dissipate through th e  gas flowing in the  
chamber. PT-CVD provides fast heating rates and low total synthesis t im es for th e  synthesis 
of CNTs as well as graphene"^ '^®^"®®.
Typically, a thin iron film is spu tte r-coated  on to  a suitable growth subs tra te  and annealed  in 
the  growth cham ber, prior to  an external source of carbon (acetylene) being provided to 
initiate growth®^. However, in this study an organometallic molecule, cyclopentadienyl iron 
dicarbonyl dimer, Cp2pe2(CO)4, has been used as a precursor to  iron nanoparticle formation. 
This is the  first t im e th a t  single-walled CNTs have been grown using this precursor and 
results have shown th a t  CNTs are of extremely high quality (assessed by Id/Ig ratio obtained  
from Raman spectroscopy).
Organometallic catalysts similar to  this have been used to  synthesise CNTs in the  past, such 
as: ferrocene®®'®^ iron pentacarbonyl®^'®® and iron acetylacetonate®^. The literature shows 
sparse in terest in th e  com pound used in this thesis and has focused on surface 
interactions®®, catalytic behaviour tow ards isocyanates®® and interactions with zeolites®^. 
However, one  study reports  th e  synthesis of MWCNTs using th e  com pound, but am orphous  
carbon con ten t and defect concentration (m easured by Iq/Ig ratio in Raman spectroscopy) 
w ere  high, signifying poor quality CNTs® .^ This thesis, reports  the  first study of using 
cyclopentadienyl iron dicarbonyl dimer to  synthesise high quality single and few-walled 
CNTs, which can be grown directly on to  suitable substra tes .
2.4.3 Synthesis M echanism
The synthesis m echanism of CNTs has a ttrac ted  much d eb a te  since they  w ere  first 
discovered and can take  a num ber of routes. Transition metal nanoparticles such as iron, 
cobalt, nickel and molybdenum  are typically used as th e  catalyst material and can be
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presen t as metal or metal oxide particles or precursor molecules®®. O ther catalysts include 
copper, Fe-Si^®, metal alloys such as Ni:Fe^^ and alloys with non-active metals th a t  are used 
as a co-catalyst for CNT growth^®. A study of various transition metal catalysts for CNT 
growth on sapphire substra tes  concluded th a t  iron leads to  the  highest CNT density on th e  
substra te^^ The role of the  metal catalyst particle is im portan t and th e  shape  and size of the  
particle de te rm ines  th e  s tructure  of th e  CNTs produced^®.
Carbon nano tubes  was a te rm  first coined by lijima in 1991 , but w ere  previously referred to 
as carbon filaments^^. Early discussion on th e  growth m echanism of carbon filaments is 
summ arised by Tibbetts after  previous work in th e  area; th e  growth mechanism  of carbon
filaments is closely related to  vapour-liquid-solid (VLS) theory®®.
This theory  describes a process in which th e  carbon feedstock (such as a hydrocarbon) is 
broken down on th e  surface of one  side of the  catalyst particle and subsequently  absorbed. 
As th e  catalyst particle absorbs m ore  carbon it becom es supersa tu ra ted , which causes a 
gradient in chemical potential through th e  particle, leading to  the  "precipitation" of carbon 
on the  o the r  side of th e  particle. Tibbetts reports that, it is therm odynam ically  favourable to 
exude th e  carbon as graphitic planes because  of the  calculated low surface energy®®.
1
1
w m m
m
Figure 2-6: Growth mechanism of CNTs (using nickel catalyst), reproduced from Helveg et al. , the  series of 
TEM images displays the  elongation of the  catalyst particle and sim ultaneous formation of graphitic carbon 
sheets.
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The growth mechanism was studied in situ by Helveg et o//® who observed th a t  synthesis is 
dep en d en t  on reaction-induced reshaping of the  catalyst (illustrated in Figure 2-6), w here  
the  catalyst elongates and simultaneously leads to  th e  formation of graphitic sheets  at the  
catalyst interface.
A further finding from this paper  shows th a t  a num ber  of m ono-atomic steps are seen in the  
catalyst particle, each being a site w here  a g raphene  sh ee t  is anchored. Therefore, the  
num ber of m ono-atom ic steps in th e  catalyst particle directly correlates with th e  num ber  of 
walls seen in the  CNT produced. Carbon diffusion through the  catalyst particle was also 
investigated, concluding th a t  carbon cannot diffuse through th e  bulk of the  metal particle. 
In situ growth reversal studies support this conclusion by determ ining th a t  CNT growth is a 
surface diffusion driven process^®. However, o ther  studies show th a t  during th e  nucléation 
and growth of CNTs, an iron carbide (FegC) phase can be formed^^
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Figure 2-7: Taken from Danafar et al. , the  Image displays the different growth mechanisms of CNT 
synthesis, dependent on nanoparticle-substrate interactions. Root growth occurs when the  interaction is 
strong, whilst base growth occurs when this interaction is weak.
Depending on the  conditions used during the  synthesis m ethod , CNTs can be grown from 
catalyst particles at th e  top  of th e  nano tube  (called tip growth) or from particles th a t  remain 
on the  subs tra te  surface (known as root or base growth). The chemical and physical 
interactions be tw een  the  catalyst and support (substrate) during CCVD techn iques  will 
de te rm ine  which mechanism will take place; Danafar et al. conclude th a t  weak in teractions
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lead to  tip growth being favoured and strong interactions cause root growth, Figure 2-7 is 
taken from th e  work of Danafar et al. and illustrates th ese  tw o  growth mechanisms^®.
The reason behind the  term ination of CNT growth has also recently been explored in term s 
of growth conditions and catalyst lifetime. W ang et al. conclude th a t  term ination is caused 
by a sudden high tem p e ra tu re  transform ation  of iron carbide from cem en tite  (FegC), from 
which carbon can be graphitised, to  Hagg carbide (FegCz), which blocks th e  graphitisation 
process^®.
It has been suggested tha t ,  w hen using CCVD growth techniques, th e  size of th e  catalyst 
particle is correlated with the  d iam eter  of th e  resultant CNT, w hereas  this is no t th e  case for 
o ther  vaporisation based CNT growth techniques®®.
The behaviour of the  catalyst has been studied to  show th a t  differentiation be tw een  
MWCNTs and SWCNTs or DWCNTs growth can be achieved by altering th e  growth 
temperature®^. SWCNTs can also be obtained  by careful addition of a co-catalyst such as 
molybdenum®®. However, high tem p e ra tu re s  are normally required to  obtain single or few 
walled CNTs, usually in excess of 750° C. Reduction of process tem p e ra tu re  to  synthesise 
SWCNTs has been studied in detail and has been achieved using a variety of different 
techniques®"^. The m ethod put forward in this thesis can obtain high quality single and few- 
walled CNTs whilst maintaining low substra te  tem pera tu re s ,  approximately 400° C (as 
m easured by a pyrom eter  under th e  substrate) through th e  use of a pho to-therm al hea t  
source.
The benefits of th e  m ethod  are further  improved from straightforward sample preparation 
route, in which the  catalyst precursor is directly applied to  th e  substra te , classing th e  
synthesis procedure as a "fixed bed" type system. Organometallic com pounds ten d  to  be 
used in fluidized bed or floating catalyst techniques, to  obtain higher yields of single and 
few-walled CNTs. However, th e  work p resen ted  in this thesis has achieved a CNT synthesis 
rou te  which combines the  benefits of both m ethods, high yield of single and few-walled 
CNTs whilst maintaining vertical alignment on a substra te , allowing potential applications in 
microelectronics.
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2.4.4 Synthesis P a ram ete rs
In CCVD based techn iques  a num ber  of pa ram ete rs  are im portan t for high quality CNT 
synthesis. These include th e  gas flow rate, mixture of gases, substra te , type of catalyst used, 
carbon source, heating rate  and time. Some of the  fundam enta l pa ram ete rs  for high quality 
synthesis of CNTs will be discussed and related to  th e  work carried out within this thesis. 
The review of literature in this section focuses on the  pa ram ete rs  used in this study and 
aims to  highlight the  differences (and similarities) of th e  outlined procedure  and explaining 
the  benefits of th ese  differences. By focusing on papers  with similar synthesis param eters ,  
this is not a com prehensive review but a refined discussion on the  synthesis conditions able 
to  be controlled using th e  equ ipm ent available. Therefore, although gas flow rate  and 
pressure  are im portan t factors in the  synthesis of CNTs, th ese  pa ram ete rs  will no t be 
covered in detail in this section.
2.4.4.1 Carbon Source
A variety of different carbon sources have been used to  synthesise CNTs, som e examples 
are: methane®®, butane®"^, benzene^ \  xylene®^ and acetylene"^® (also referred to  as ethyne), 
am ongst others. Acetylene has been well characterised as a suitable carbon source for CNT 
growth®®"®® and is reported  to  have th e  highest reactivity for th e  catalysts used, resulting in 
high quality CNT products®®'®®. The success of acetylene as a carbon source has been 
a ttr ibu ted  to  th e  hea t  of formation energy and th e  carbon to  hydrogen ratio in the  
compound®®. For th ese  reasons acetylene has been chosen as the  carbon source for CNT 
synthesis experim ents  in this thesis.
2.4.4.2 Annealing: Oxide Reduction and  Nanoparticle  Formation
Annealing th e  catalyst layer before the  initiation of CNT growth plays a major role in the  
CNT diam eter  obtained®^ by encouraging aggregation of nanoparticles®\ Furtherm ore, for 
m ost practical CVD setups, the  catalyst deposition is ex-situ, meaning th a t  th e  original 
catalyst is likely to  be oxidised, which needs to  be reduced, typically in a hydrogen 
a tm osphere . Alignment in CNT arrays is also d e p e n d en t  on annealing tim e of th e  catalyst 
and num ber  of defects p resen t in th e  resultant nano tubes  (annealing tim e and defect
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concentration are expected to  be related)®®. In this study, CNT synthesis has been achieved 
w ithout th e  requ irem ent for a separa te  annealing step, how ever som e of th e  highest quality 
nano tube  produced did require som e annealing.
2.4.4.S S ubs tra te
A wide variety of substra tes  have been used in fixed bed type CNT synthesis systems; 
substra tes  include silicon nitride (Si3N4)®®, quartz®"^, carbon fibre®®, stainless steel®®, silicon 
carbide®® and silicon wafers®®. The interactions be tw een  th e  catalyst nanoparticle and the  
substra te  are of th e  upm ost im portance in CNT synthesis, affecting w h e th e r  or not CNTs will 
grow, their  d iam eter  and quality®®. Iron catalyst nanoparticles can diffuse and alloy with the  
substra te  when growing on silicon"^®; this can be prevented  by using a diffusion barriers, 
such as an aluminium interlayer be tw een  catalyst and substrate®^ the  thickness of which is 
pa ram ount to  the  CNT growth rate®®. M athur et al. show th a t  an increase in aluminium layer 
thickness reduces th e  CNT growth rate by retarding carbon diffusivity®® w hereas  Teng e t al. 
provide a contradictory conclusion th a t  th e re  is a critical thickness of aluminium for 
optim um  CNT growth®®. It should be noted  th a t  both studies used a microwave plasma 
enhanced  CVD (MPECVD) system but differed on catalyst type (metallic iron vs iron doped 
with silicon and it is likely th a t  both are at least partially oxidised). This thesis reports  th a t  
high quality CNTs can be grown directly on silicon substra tes , w ithout using aluminium (or 
a no the r  material) as an interlayer. This is though t to  be a direct result of th e  activity of the  
catalyst, which will be discussed fu rther  in Chapter 5, w here  th e  internal carbon source 
s tops diffusion from occuring.
2.4.4.4 Pattern ing
Tem plated growth of discrete CNT arrays can be achieved using a num ber a m ethods  and 
catalysts. Electron beam  lithography (EBL)^ ®® and nanosphere  lithography^®^ have both been 
reported  but can only be carried out in small scale processes, with low th roughpu t  and 
micron scale dimensions. Photolithography has been studied extensively for this purpose 
and the  selective growth of long SWCNTs can be accomplished^®®. UV Nano-imprint 
lithography (NIL) has also be explored®"^. These processes can achieve high th roughpu t  of 
samples and be used for the  growth of CNTs on a commercial scale, however a num ber  of
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tim e consuming processing s teps m ust be used. Sputtering catalyst films directly on to  the  
growth subs tra te  using a shadow  mask has also been investigated®^. However, m etal film 
sputtering techn iques  would lead to  a large am oun t  of w asted  material in large scale 
processes.
It is th ere fo re  advantageous to  move away from clean room based photolithographic and 
sputtering techniques  for th e  large scale production of tem pla ted  CNT arrays. An alternative 
to  this is ink je t  printing th e  catalyst (or catalyst p recursor particles). Polsen et al. describe a 
m ethod in which a commercial printer has been adap ted  to  print catalyst particles on to 
polyimide films, but in o rder  to  grow CNTs th e  particles m ust be transferred  to  a suitable 
growth subs tra te  (such as silicon or alumina)^®®. The quality of th e  CNTs has not been  fully 
characterised and no Raman spectra are available, but this printing techn ique  is a s tep  in the  
right direction. Spray-gun m ethods  of catalyst precursor solutions has been shown and has 
th e  potential for pa tte rned  arrays^®" .^ This thesis reports  th a t  pa tte rned  arrays of CNTs can 
be grown directly on silicon substra tes  using Cp2pe2(CO)4 as a precursor to  catalyst 
nanoparticles and can be applied using a custom stam ping process to  obtain p a tte rned  
arrays.
2.4.5 Concluding Remarks on CNT Synthesis
A large num ber of synthesis techniques  can be employed to  grow high quality carbon 
nanotubes. Catalytic chemical vapour deposition m ethods  are favourable for a nu m b er  of 
reasons, including low cost, lower synthesis tem p era tu re s ,  control over CNT positioning and 
ability to  grow vertically-aligned CNT arrays. A large num ber  of pa ram ete rs  affect th e  quality 
of th e  CNTs produced including catalyst type, subs tra te  type and carbon source am ongst 
o thers. Characteristic properties in th e  nano tubes  produced, such as num ber  of defects, 
num ber  of walls, internal d iam eter  and length are all affected. These characteristics are 
im portant considerations w hen looking tow ards potential applications for this group of 
materials; for instance, a high num ber of defects  will detrimentally affect electron 
conduction rendering th e  material less valuable to  th e  microelectronic applications.
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2.5 Purification of CNTs
Once the  carbon nano tubes  are form ed, purification is usually required to  rem ove o ther  
carbon allotropes produced within the  process, such as fullerenes and am orphous carbon, 
as well as metal particles from th e  catalyst^®®. This can be carried out in a variety of ways, 
such as: physical purification using filtration, sonication, centrifugation, high tem p e ra tu re
annealing or chemical-based m ethods 106
Figure 2-8: Typical TEM images of CNT samples before (A and B) and after (C and D) a purification procedure 
has been applied, reproduced from Tobias et a reduction in catalyst content and carbon impurities can 
be seen.
The effect of CNT purification can be illustrated using TEM; bundles of CNTs p resen t  after 
purification appear  "cleaner" and have few er nanoparticles of their  side walls. A typical 
example of this is reproduced from Tobias et o/.^®®, shown in Figure 2-8, w here  a s team  
based purification procedure has rem oved am orphous carbon and small graphitic s truc tu res  
as well as combining an acid t re a tm e n t  s tep  to  dissolve iron nanoparticles.
The hydrothermally-initiated dynamic extraction (HIDE) m ethod of purification 
hydrothermally pre-trea ted  samples before organic extraction. The m ethod can be used for 
fullerene separation; they  are initially released from th e  soot w hen van der Waals forces
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betw een  th e  tw o species are broken. They can then  be subsequently  rem oved by Soxhlet 
extraction which uses to luene  as a solvent^®®. To obtain pure SWCNTs, o the r  impurities, 
such as am orphous  carbon can be rem oved using heating, filtering and washing in to luene. 
Treating th e  material with 6M hydrochloric acid will rem ove metal particles^®®; using this 
integrated purification process, SWCNTs with m ore than  95 wt% purity (determ ined by 
therm ogravim etric  analysis (TGA) in relation to  carbon content) are obtained^^®. 
Hydrochloric acid is commonly used to  dissolve catalytic iron nanoparticles, how ever m any 
of these  particles will have carbonaceous shells th a t  p ro tec t them  from acid attack, and a 
m ethod to  selectively rem ove this type of impurity has been reported  using hydrogen 
peroxide to  oxidatively attack this protective shell, before  hydrochloric acid is used to  
dissolve the  nanoparticles^^^.
Purification m ethods  are often targe ted  to specific synthesis routes, for which th e  process 
works best. Chiang et al. have described two separa te , but similar, m ethods  for the  
purification of CNTs form ed by the  high pressure CO disproportionation (HiPCO) process^^® 
and for th e  laser-oven grown nanotubes^^®. Both papers  convert the  metal catalyst to  oxides 
and hydroxides using w e t Ar/Ü2, and th e  au thors suggest th a t  this breaks the  carbon shell 
surrounding the  catalyst to  allow oxidation to occur. After oxidation has taken place, an 
acid, HCI in this case, can be used to  rem ove the  resu ltan t metal oxide (or hydroxide).
A m ethod  for purifying CNTs form ed by the  pulsed laser ablation technique has also been 
reported; it im plem ents a suspension technique using cationic surfactants and su bsequen t  
micro-filtration th a t  requires no oxidative step^^" .^ Not forgetting th e  arc discharge synthesis 
rou te  of CNT production, Guo et al. detail a m ethod  in which liquid and steam  oxidation 
steps w ere  combined along with a freeze-drying step  to  rem ove carbonaceous and metallic 
impurities^^®. In this example, the  freeze drying drastically improves the  separa tion  of 
carbonaceous material in th e  subsequen t steam  t re a tm e n t  by increasing the  surface area 
(48.7 m®/g) com pared  to  a regular drying technique (1.92 m®/g)^^®. By increasing th e  surface 
area, the  efficiency of the  ensuing steam  tre a tm e n t  is increased.
There are som e problems with th ese  m ethods; they  only work on th e  small scale; in the  
practical situation of a larger scale production of nanotubes , a suitable techn ique  to  purify
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larger am oun ts  should be available. Rinzler et al. have reported  such a techn ique  for 
purifying SWCNTs in gram per day quantities, and can be readily scaled up to  industrial 
scale^^®. Easy, large scale purification of arc-SWCNTs can be carried out using a hydrogen 
peroxide solution to  activate an oxidative reaction on am orphous carbon p resen t in the  
sample^^®. However, th ese  m ethods  often require m ore than  one  step and use num erous 
harmful or toxic chemicals. Selectivity for impurities p resen t in th e  sample m ust also be 
achieved as many of these  m ethods  have th e  potential to  dam age th e  CNTs. Many m ethods 
also require ultrasonication of CNTs to  help disperse them  in solution, to  maximise the  
removal of impurities, but careful control of sonication pow er m ust be applied as 
ultrasonication is known to  cause carbon nano tube  scission^^®.
Microwave-assisted acid digestion m ethods  of purification are also available to  SWCNTs and 
have shown significant im provem ents to  s tandard  acid-reflux-based chemical m ethods. This 
m ethod has th e  added  advantage of being able to  rem ove substra tes  used in growing 
nanotubes^^®, as in th e  fluidized bed synthesis m ethod. Microwave-assisted m ethods  rely on 
using localised high tem p e ra tu re  heating of metal catalyst particle sites. This localised 
heating causes preferential oxidation of carbon particles surrounding the  catalyst site, i.e. 
carbonaceous shells and leaves th e  metal particle exposed to  be a ttacked by th e  acid 
t rea tm en t.  However, if th e re  are sections of th e  CNTs th a t  contain catalyst nanoparticles 
these  too  will hea t  up and cause degradation of th e  CNTs them selves.
A novel magnetic separation m ethod  to  rem ove catalyst nanoparticles from CNTs has been 
shown; the  benefits of which is th a t  th e  CNTs are not dam aged during th e  process^®®. 
However, th e  process studied in this thesis aims to  rem ove am orphous  carbon and decrease  
defect concentration.
CNT purification has also been achieved by annealing samples at high tem p e ra tu re s  in inert 
a tm ospheres , Andrews et al. report a m ethod  in which CCVD grown nano tubes  are annealed  
at high tem pera tu re s ,  be tw een  1600 and 3000° C^ ®^ . At these  tem p e ra tu re s  th e  au thors  
s ta te  th a t  graphitisation of th e  CNTs can take place, removing defects in th e  nano tube  
structure, additionally above iron vaporization tem p e ra tu re s  (1800° C) catalyst particles can 
also be rem oved from the  samples.
27
Steam-assisted CNT purification uses steam  as a selective oxidant for less ordered 
carbonaceous materials p resen t in CNT samples, removing am orphous carbon and opening 
the  ends of th e  CNTs w ithout damaging the  length of th e  carbon nanotube^®®. In this 
m ethod  two sam ple preparation procedures w ere  used, one  freeze-drying the  sample and 
one  immobilising the  CNT sample before introduction in to  the  reaction cham ber. The CNT 
end caps, which are typically m ore  defective than  the  rest of the  nano tube  because  of the  
strain and high num ber of defects present^®®, have been  rem oved in this process. This has 
been confirmed by Tobias et al., who analysed th e  ends of CNTs in TEM and filling the  
nano tubes  with a high contrast com pound, uranyl ace ta te  (U02(MeC02)2(H20)2). Graphitic 
shells th a t  encapsulate  iron nanoparticles p resen t in th e  sample after synthesis can also be 
rem oved using s team  treatment^®®. The reduction in defect concentration can be m easured  
by calculating th e  I d/ I g ratio in Raman Spectroscopy, and supports  th a t  areas of high defect 
concentration have been attacked during this process, this is discussed in Section 6.4.3.3.
The degree  to  which CNTs can be functionalised improves w hen am orphous carbon th a t  
surrounds the  CNTs is rem oved before chemical functionalisation^®"^. Chapter 6 builds upon 
this purification procedure  and uses a customised s team  purification route  to  yield super- 
resilient CNTs, th a t  can w ithstand high tem p e ra tu re s  in oxidative a tm ospheres  and to 
recover aligned CNT sheets  by removing polymeric and am orphous  carbon from electrospun 
carbon-nano tube-based  nanofibres. The oxidation tem p e ra tu re  of th ese  purified CNTs has 
been assessed using therm ogravim etric  analysis (TGA), and has shown to  increase 
dramatically. Knowing this, baking of steam  tre a te d  CNTs was carried out in air at 900° C and 
resulted in a fraction of th e  CNTs remaining, which is not seen before s team  trea tm en t.
2.6 I ron-decora ted  Carbon N ano tube  Hybrid M aterials
The synthesis of an iron-decorated carbon nano tube  hybrid material is described in Chapter 
4, a brief background to  this area of research is reviewed. Iron and iron oxide nanoparticles 
have received significant in terest in recent years for wide variety of applications^®®, such as 
anodes for lithium-ion batteries, m em ory storage, w earable  electronics^®® and th e  medical 
sector.
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These materials have potential medicinal applications, such as: m agnetic resonance 
imaging^®® and magnetic fluid hyperthermia^®® by combining th e  magnetic properties  of the  
iron nanoparticles with carbon nano tubes  which can be functionalised to  form 
biocompatible and ta rge ted  delivery systems. Iron oxide nanoparticles rep resen t  a 
alternative to  curren t m ethods  of cancer therapy  such as chem otherapy , rad iotherapy and 
surgery and a polymer or carbon coating is beneficial to  p ro tec t th e  internal particle and add 
bio-functionality to  th e  material^®®. Targeted nanoparticles have th e  potential to  be both 
diagnostic and therapeu tic  in th e  sam e particle, being designed to  safely reach their  targe t  
and specifically release their  cargo^®°. Unlike o the r  magnetic nanoparticles such as cobalt, 
iron is biodegradable.
Typically, iron decorated-CNT hybrid materials exploit the  action of th e  iron nanoparticles 
(w hether th a t  be their  magnetic properties, possibility for lithium intercalation or o ther  
action) and use carbon nano tubes  as a carrier scaffold, also exploiting their  useful 
properties, for example, high electronic conductivity and therm al resistance. In o rder  to 
realise th ese  applications, synthesis m ethods  should be simple, inexpensive and scalable, as 
well as providing a suitable m eans of protecting th e  nanoparticles.
2.6.1 Synthesis rou tes
A num ber of synthesis routes have been proposed for iron and iron oxide nanostructures^®^. 
M ethods include: decomposition^®®, microwave-hydrothermal^®® and ultra-sonication 
assisted^®"^ routes. As well as hydrolysis of iron chloride^®®, gas-liquid interfacial synthesis^®®, 
th e  reverse micelle method^®®, laser pyrolysis^®® and liquid-solid-solution^®®. M ethods 
typically use organo-iron com pounds or iron salts th a t  are subsequently  decom posed  to 
form nanoparticles. Decoration of th ese  types of particles has been achieved on a variety of 
carbon structures, including in carbon nano tube  (CNT)^"^° and reduced g raphene  oxide^"^^.
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Figure 2-9: Carbon nanotubes decorated with small iron nanoparticles via a therm al decomposition 
synthesis route, reproduced from the  work of Sun et showing th a t nanoparticles can be attached to 
the  side walls of CNTs.
Figure 2-9 illustrates an example of iron nanoparticle decoration on the  side walls of carbon 
nanotubes , in this synthesis m ethod  nanoparticles are a ttached  to  th e  CNTs through an 
am orphous  carbon coating. This am orphous carbon layer will not have th e  sam e protective 
ability as a graphitic coating, such as th a t  described in Chapter 4. For a num ber  of 
applications stronger bonding be tw een  the  nanoparticles and CNTs is required as well as a 
o u te r  shell surrounding the  nanoparticle to  protect them  from external environm ents  or to  
improve biocompatibility.
2.6.2 P rotection m e thods
A num ber  of protection m ethods  have been put forward to  pro tec t  nanoparticles from 
external environm ents. Coating the  nanoparticles, in a second synthesis step, has been used 
to  protect th e  material from w ear  and oxidative damage^"^® and to  improve beneficial 
properties  such as electronic conductivity^"^"^ and biocompatibility in vivo. "^^ ® Protective 
coatings have been produced using a variety of materials, such as alumina,silica,^"^® and a 
num ber of polymers, such as polyethylene glycol (PEG) "^^ ® and PEG-polyisoprene block 
c o p o ly m e r s .A m o r p h o u s - c a r b o n - c o a t e d  magnetic iron nanoparticles have been 
synthesized using a polym er-tem plated  method^®® and have been shown to  be stable  in 
air i®i4®2 sam e m ethod  has also resulted in graphitic carbon coatings, using th e  sam e
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methodology^®®, or ob tained  by evaporation of m etals with a hydrocarbon flowA®"  ^However, 
no resistance to  acidic media or functionalisation of th e  particles was shown. W here acid 
resistance is shown^®®, multiple synthesis s teps are required, this m ethod  outlined in this 
thesis proposes a straightforward synthesis route  th a t  decreases  sample preparation time 
and costs. This thesis reports  (Chapter 4) a m ethod  for the  sim ultaneous synthesis and 
protection of iron nanoparticles th a t  are covalently a ttached  to  carbon nanotubes , forming 
a hybrid material th a t  is resistant to  oxidation in air and acid dissolution.
2.7 Sum m ary
The research carried out in this thesis focuses on carbon nanotubes , providing novel and 
scalable routes for CNT synthesis, purification and decoration. In this Chapter a brief history 
of carbon nano tubes  has been  outlined. The reasoning behind th e  vast am oun t  of academic 
and industrial in terest is th e  unique properties  th a t  CNTs exhibit has been discussed. CNTs 
can be categorised in to  th re e  different CNT types; armchair, zigzag and chiral CNTs, th ese  
have either metallic or semiconducting properties. Num erous synthesis m ethods  have been 
used to  produce CNTs, this review focuses on the  historically im portan t studies and those  
related to  th e  synthesis m ethod  used in this thesis, photo-therm al chemical vapour 
deposition, mainly focusing of catalytic chemical vapour deposition techniques. Although 
CNTs can be grown using a variety of metal catalysts, th e  m ethod  outlined in this thesis uses 
an iron containing organometallic com pound and as such papers th a t  use iron nanoparticles 
as a catalyst have been focused upon in this review.
A sum m ary of CNT purification has been outlined, describing how to  rem ove unw anted  by­
products of the  production m ethods, such as am orphous  carbon, metallic particles and 
small graphitic products. Again, this review does not aim to  be a com prehensive s tudy of all 
th e  available m ethods, but does give a sum m ary of a variety of chemical and therm al 
m ethods  available for purification. The focus again has been on those  papers th a t  are 
relevant to  th e  work carried out in this investigation, a modified s team  t re a tm e n t  process.
Lastly, th e  third area of study in this thesis centres on th e  production of iron decora ted  
carbon nanotubes; th e  synthesis of similar materials has been evaluated with respect  to  
synthesis conditions, protection of th e  particles and possible applications.
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3 Theory and Experimental Techniques
3.1. Outline
This chap ter  will explain th e  major experimental m ethods  used within this PhD project, with 
emphasis being placed on techniques  th a t  contribute  to  th e  majority of results obtained. 
The underlying theory  of each technique has been sum m arised to  include im portan t points 
relevant to  answering specific hypotheses, especially with reference to  microscopy. This 
differentiation be tw een  techn iques  is used to  explain th e  need to  use multiple techniques  in 
conjunction, ra the r  than  a single technique, to  fully analyse and unders tand  a specific 
sample.
3.2. Electron Microscopy
In order to  explain why different electron microscopy techn iques  have been used, it is 
im portant to  unders tand  differences be tw een  the  instruments. To do this the  basics of how 
an electron microscope works m ust be described. This section aims to  outline a 
fundam enta l understanding and not to  be a review of this group of techniques.
Electron microscopy uses a beam  of fast electrons, with p icom eter wavelengths, to  obtain 
resolution in the  o rder  of angstrom s (lxlO'^° m). The fundam enta ls  of electron microscopy 
can be though t of as being th e  sam e as using a light microscope or a magnifying glass. The 
difference is th a t  the  wavelength of electrons used (in th e  o rder  of p icometers) can be much 
smaller than  th a t  of visible light (>300nm), and hence th e  minimum size of a resolvable 
object is much smaller. Therefore, electron microscopy becom es a hugely influential tool, 
allowing th e  user to  image structures on a nano-scale, which could not o therw ise  be 
possible. One of th e  key criteria in imaging using electrons is th a t  the  beam  path m ust be in 
high vacuum, because electrons are strongly scattered  by gases in air.
An electron can be considered as a particle or as a wave, and th ere fo re  e lectrons have a 
wavelength. An im portant p a ram ete r  to  consider is th a t  th e  wavelength of an electron can 
be altered, smaller wavelengths allow for smaller s truc tures  to  be imaged. The wavelength
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of the  electrons used to  image th e  sample is one  of th e  key differences be tw een  electron 
microscopy techniques. An electron 's  wavelength can be determ ined  from th e  de Broglie 
relationship, which s ta tes  th a t  th e  wavelength of an electron (A) is related to  the  
m om entum  (p) of th a t  electron, which is equivalent to  the  mass {m) multiplied by th e  speed
(u), w here  h is Planck's constant.
h h Equation 3-1
p mv
W hen accelerating an electron through a large potential difference (V), the  speed  (u) will 
reach an appreciable fraction of th e  speed  of light (c). However w hen this occurs, th e  
relative mass {m) of an electron will increase according to  the  equation:
  Equation 3-2
771 —
[ 1 -
This relative mass change effect becom es significant w hen th e  accelerating voltages applied 
are very large, as is th e  case in TEM and STEM. W hen considering an electron as a particle, 
which carries a single negative charge (e) of 1.6 x 10'^^ C and has a resting mass (mg) of 
approximately 9 x 10'^^ kg, th e  change in mass affects th e  energy of th e  electron (f) and is 
calculated using th e  formula:
E = { m -  m e)c2  Equation 3-3
Combining the  equations, shows th a t  th e  wavelength is d e p e n d en t  on th e  accelerating 
voltage:
^-----------  Equation 3-4
^  “  g2y2
(2 e V r r ie + -^ )
The values of h, e, mg and c can be substitu ted  in to  the  equation, which then  becom es:
1.5 Equation 3-5
( V  +  1 0 - < ^ K 2 ) 1 / 2
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w here  X is given in nm. A typical accelerating voltage used in electron microscopy is 2x10* V 
(20 kV), w hen using this value the  wavelength equa tes  to  0.0106 nm or (10.6 pm)^. Electrons 
can there fo re  have a wavelength smaller than  th e  bonding distance be tw een  tw o a tom s and 
it is possible to  obtain atomic resolution images w hen using electron microscopes, provided 
th a t  the  e lectrom agnetic  lenses are capable of imaging w ithout distortion.
A beam of electrons produced from an electron gun is commonly produced by either 
therm ionic emission from a hea ted  tungsten  filament or field emission from a sharpened  tip 
(usually single crystal tungsten), kept in ultra high vacuum (UHV) conditions, and is used as 
th e  source for electron microscopes.
Thermionic emission typically uses a tungsten  wire ben t in to  a hairpin shape. Passing an 
electrical current through th e  filament heats  it up to  approximately 2800 K, which is 
categorised as a hot ca thode  emitter. At th e  sam e tim e it is held at a high negative potential 
com pared  to  th e  anode  and th e  rest of th e  microscope. A com m on field em itter, is classed 
as a cold ca thode  source, as it does not rely on electrically heating th e  filament to  emit 
electrons. In both processes th e  electrons are rapidly accelerated  across a potential 
difference, generating a beam  of e lectrons of controlled energy and the re fo re  wavelength. 
The electrons pass through a circular hole at th e  centre  of the  anode  and in to  the  
microscope column.
A series of e lectrom agnetic  lenses are used to  deflect th e  electrons, focusing th e  beam. The 
magnetic field is aligned perpendicular to  the  direction of electron travel. This causes the  
electron to  travel along a helical path of decreasing radius until th e  e lectrons converge to  a 
single focal point. By varying th e  curren t in the  e lec trom agnet, th e  magnetic s trength  can be 
altered, allowing the  focal length to  vary.
As th e  beam  of electrons reach th e  sample surface th e re  are a num ber  of different ways in 
which they  can interact. A num ber  of de tec to rs  are commonly used to  de tec t  th ese  different 
interactions, resulting in multiple imaging m odes and analytical tools. Various electron 
microscopy techniques are outlined to  describe how each differs and the  benefits of using 
such a technique.
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3.2.1. Scanning Electron Microscopy (SEM)
The m ost widely used of th e  electron microscopy techniques, SEM builds an image of a 
surface by consecutively displaying thousands  of individual points or pixels, much in th e  
sam e way th a t  a television does. The process is repea ted  at high intensity and can ap p ear  as 
a "live" image of th e  surface being analysed. Magnification in SEM is increased by reducing 
the  area th a t  th e  electrons scan across th e  sample surface.
The magnification achievable by SEM is not as grea t as th a t  of transmission electron 
microscopy (TEM), which will be discussed later. SEM is still widely used because  of th e  ease 
in which samples can be p repared , additionally analysis does not require high vacuum 
conditions in the  cham ber. This leads to  small sample preparation and pum ping tim es and 
allows quick analysis. Therefore, SEM is used on a m ore  regular basis for a wide variety of 
samples. This includes very thick samples th a t  can 't  be analysed by TEM and scanning 
transmission electron microscopy (STEM) which require small sample thickness. SEM is 
primarily used to  image th e  sample topography  by detec ting  secondary electrons but can 
also be used to  differentiate particle compositions using a back scattered  d e tec to r  and 
elem ental composition through X-ray analysis, all th re e  of which are discussed below. 
Electrons can interact with the  sample in a num ber  of different ways which lead to  a 
num ber of different detection m ethods, each inferring som ething different abou t  the  
sample. These interactions are known as scattering events  and can be classified in tw o  sub­
categories, elastic and inelastic.
3.2.1.1. Elastic Scattering Events
An electron is elastically scattered  if the  path of a primary electron is changed but th e re  is 
no observable energy change. This type of scattering is a result of the  electrostatic  charges 
be tw een  th e  electron and both the  nucleus of an a tom  and its electrons, known as 
Rutherford scattering. This interaction is th e  main contribu tor to  observed diffraction 
patterns. This interaction combined with electrons th a t  go through the  sam ple w ithout 
interacting are the  basis of TEM.
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3.2.1.2. Inelastic scattering events
This type of interaction is defined as any event in which a m easurable  am oun t  of energy is 
lost from a primary electron. Both imaging m odes commonly used in SEM de tec t  electrons 
th a t  have undergone inelastic energy transitions, these  are secondary electrons and back 
scattered  electrons.
3.2.1.3. Secondary Electron Detection
Secondary electrons (SEs) are low energy electrons th a t  com e from the  sample after  having 
energy transferred  to  them  from an inelastic scattering event of an incoming (primary) 
electron. The yield of secondary electrons em itted  per primary electron can be as high as 1 
and there fo re  they  are abundan t  in SEM and are th e  m ost comm only imaged signal. The 
bulk of the  SEs are ejected from the  conduction and valence bands of a tom s within the  
sample. These electrons typically have energies of less than  50 V. SEs can be e jected from 
the  inner shell due to  the  emission of Auger electrons (which are explained in section 1.5.1). 
These are higher energy electrons but are less frequently  observed due  to  th e  g rea ter  
am oun t  of energy required to  emit them .
3.2.1.4. Back Scattered Electron (BSE) Detection
Back scattering of electrons is a type of inelastic scattering. In a solid sample th e  majority of 
electrons undergo multiple inelastic scattering events  until they  are brought to  a halt. 
However, a fraction of th e  electrons are not s topped  but exit th e  solid in th e  sam e direction 
as they  en te red , this is called back scattering. Generally, back sca ttered  electrons still have a 
large fraction of their  initial energy.
A difference in contrast of samples imaged using a back sca ttered  de tec to r  sheds light on 
th e  e lem ental composition of th e  sample. This is because th e  num ber of back sca ttered  
electrons produced is highly d e p e n d en t  on th e  atomic num ber of th e  e lem en t  in th e  
sample. Secondary electrons are not d e p e n d en t  on atomic num ber and produce almost th e  
sam e yield for all e lem ents.
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The backscatter coefficient (n) is expressed as a function of atomic num ber  (Z) with th e  
expression below, first developed by Reuter^;
T] = 0.0254 +  0.016Z -  (1.86 X 10“ )^ Z^+(8.3 x 1 0 “ ^ ^ ^  Equation 3-6
From this formula a curve can be produced displaying th e  upward trend  of increasing 
backscatter coefficient with increasing atomic num ber.
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Figure 3-1: Back scattering coefficient with respect to  atomic num ber, according to  Reuters's equation.
This equation is useful to  display the  increasing frequency th a t  e lectrons will be back 
scattered  from elem ents  with higher atomic num bers. High contras t be tw een  tw o areas  of a 
sample are the re fo re  indicative of a change in the  e lem ental composition, low contras t 
being light e lem ents  and high contrast being heavier e lem ents. However, this trend  is not 
observed for all e lem ents  of th e  periodic table  with som e fine scale s truc ture  exhibiting 
deviations from this curve. The first transition series is one  such example w here  th e  trend  is 
no t observed as atomic size decreases  with atomic num ber  for th ese  elements^.
Figure 3-2 displays th e  difference betw een  the  tw o  imaging m odes commonly used in SEM. 
The high contrast material (seen in Figure 3-2A) is indicative of a material of higher atomic 
num ber  than  th a t  of th e  surrounding materials. Knowing th a t  this sample is carbon 
nano tubes  with iron particles, th e  high contrast area  can be a ttr ibu ted  to  th e  iron particles. 
A BSE de tec to r  can be used to  obtain m ore information abou t th e  sample th a t  o therw ise
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would not be available w hen using only a SE detector. Analysis t im e is not affected as the  
tw o de tec to rs  can be used in tandem .
Figure 3-2: CNTs with large Iron particles Imaged using both a) back scattered and b) secondary electron 
detectors.
3.2.1.5. Energy dispersive X-ray (EDX) and wavelength dispersive X-ray (WDX) 
spectroscopy
In addition to  the  tw o main imaging m odes in an SEM (the detection of secondary  electrons 
and backscattered electrons) a chemical analysis techn ique is also com m only used. The 
highly focused, high velocity electrons can genera te  characteristic X-rays from th e  sample. 
The energy from the  incoming electron can be transferred  to  a core electron within an atom  
in the  sample. If th e  energy is high enough th e  electron can be em itted  from th e  a tom  (this 
is also true  for X-ray photoelectron spectroscopy (XPS) which is described in Section 3.5 and 
uses X-rays instead of electrons is th e  primary energy source).
The atom  then  exhibits a relaxation process in which an electron from a higher energy level 
fills the  "hole". In doing so the  electron m ust lose an am oun t  of energy equal to  the  
difference be tw een  th e  tw o  energy levels. This energy loss can occur by emitting X-ray 
photons.
The filling of core level electron vacancies follows th e  Aufbau principle, which s ta tes  th a t  
electrons m ust first occupy th e  lowest energy orbitals available. In o rder  to  do this, th e  
higher energy electron m ust lose th e  excess energy before  filling th e  vacancy. This may be
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achieved by emitting an X-ray photon with th e  energy equal to  th a t  of th e  difference 
be tw een  th e  core vacancy and th e  electron.
A fundam enta l interaction of EDX, w here  an incoming electron ultimately leads to  the  
emission of a characteristic X-ray photon through exciting a core level electron, forms one  of 
a num ber of X-ray d e p e n d en t  analytical techniques. X-ray fluorescence (XRF spectroscopy) 
uses X-rays instead of electrons as the  incident source of energy. Similarly to  EDX, XRF 
analyses th e  sam e characteristic X-rays th a t  are em itted  in th e  relaxation process. XPS, like 
XRF, uses incident X-ray pho tons as th e  energy source but directly analyses th e  core level 
electrons th a t  are em itted  from th e  sample ra ther  than  detecting th e  X-ray pho tons  used in 
the  relaxation process.
The exploitation of incident electrons causing the  emission of X-ray photons is th e  basis of 
electron probe microanalysis (EPMA) and uses e ither an energy dispersive X-ray (EDX) or 
wavelength dispersive X-ray (WDX) spectrom eter .  Both can be used to  qualitatively and 
quantitatively analyse th e  composition of the  material. WDX separa tes  X-ray pho tons  by 
wavelength and only detec ts  one  wavelength a t a time, w hereas  EDX m easures  th e  energy 
of an X-ray photon over a range of wavelengths simultaneously.
Most systems use EDX to  gain data  of th e  relative composition of a sam ple quickly but 
cannot de tec t  very light elem ents; WDX requires much longer analysis tim es to  indentify all 
e lem ents  present. However it should be noted  th a t  WDX has th e  advantage  of having a 
lower detection limit and is therefo re  m ore  appropria te  w hen analysing trace  e lem en ts  in a 
sample. In this project EDX, instead of WDX, was used because of th e  ease  at which data 
could be obtained. It was im portant to  analyse a broad spectrum  of e lem ents  at one  time, 
gaining information abou t the  elem ental composition and identifying possible con tam inants  
within th e  sample. Data gained generally focused on th e  atomic composition of structures, 
and not on trace  e lem ents  within the  sample.
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3.2.2. Transmission Electron Microscopy (TEM)
200 nm
Figure 3-3: Typical TEM image of isolated carbon nanotubes with catalyst particles (areas of dark contrast) 
on a holey carbon grid.
In this project, TEM is used for imaging nanostructures, with th e  main focus of imaging 
synthesised and decora ted  CNTs. TEM can also be used to  de te rm ine  graphitic walls in CNTs 
as well as the  a t tachm en t  of particles to  CNTs. lijima first studied w hat he called helical 
microtubules of graphitic carbon with a TEM, ever since studies have referred to  th ese  
materials as carbon nanotubes'*.
The first major difference be tw een  TEM and SEM is th a t  unlike th e  SEM, w here  th e  signal is 
obtained from backscattered and secondary electrons, th e  de tec ted  electrons seen  in TEM 
are transm itted  through th e  sample. In o rder  to  transm it  e lectrons through th e  sam ple  th e  
accelerating potential m ust be higher than  th a t  used in SEM. TEM accelerates e lec trons to  
potentials be tw een  60 and 200 kV (and can reach up to  1000 kV), w hereas  SEM is generally 
be tw een  5 and 30 kV. By increasing th e  accelerating voltage of th e  primary elec trons th e  
wavelength decreases, as explained in Equation 3-5. For instance, electrons with a 200 kV 
accelerating voltage will have a wavelength of 2.73 pm. The smaller w avelengths of 
electrons used in TEM allow for higher resolution images to  be taken.
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For transmission of electrons to  occur, multiple inelastic scattering events, which can 
rem ove energy from the  electrons and "stop" them , m ust be avoided. The way in which this 
is achieved is to  make th e  samples thin enough so th a t  electrons pass through th e  sample 
with only a single scattering event or no scattering events. The sample thickness m ust be of 
the  o rder  of th e  m ean free path, which describes th e  probability th a t  a particular electron 
will be scattered  once (and only once) whilst travelling a specific average distance in the  
material. This p a ram ete r  is a function of the  energy of th e  incoming electrons and the  
atomic num ber  of th e  sample; how ever samples should be of a maximum thickness of 100 
nm. To carry ou t high resolution TEM (HRTEM), to  gain atomic resolution information, 
samples m ust be th inner  than  100 nm^.
3.2.2.1. Diffraction in a TEM
Since electrons also have a wave-like nature , they  strongly diffract from th e  lattice planes of 
the  sample, to  form a diffraction patte rn  in th e  back focal plane of the  objective lens. This 
diffraction patte rn  can then  be recorded to  reveal information abou t th e  lattice s truc ture  of 
the  sample. In crystallographic s tructures th e  average distance be tw een  tw o nearest-  
neighbour a tom s is relatively constan t and thus the  diffraction patte rn  can be used to 
de te rm ine  average bond length. In am orphous  materials bond lengths differ, which leads to  
a wider distribution in bond length and hence a less consistent diffraction pattern .
In o rder  to  explain this specific type of diffraction behaviour, comm only referred to  as Bragg 
diffraction, electrons should be considered as waves. Bragg diffraction proposes th a t  waves 
behaved as if they  w ere  reflected off of adjacent atomic planes. Bragg's law^ states:
n Z  =  ZdsinOQ Equation 3-7
W here n is an integer, A is th e  wavelength, d is th e  atomic spacing and Üb is th e  angle of 
incidence and reflection.
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Figure 3-4: Depiction of Bragg diffraction of a wave by atomic centres.
Figure 3-4 displays tw o "waves" (with respect to  TEM th ese  are  electrons) reflecting off of 
tw o a tom s adjacent to  one  another. In TEM th e  wavelength (of the  electrons) can be 
calculated by controlling th e  accelerating voltage and 0 is experimentally m easured . 
Knowing this d can be calculated, and hence th e  in terplanar distances in th e  sample are 
identified.
3.2.3. Scanning Transmission Electron Microscopy (STEM)
STEM combines a num ber  of advantages from both SEM and TEM in one  technique. An 
electron probe is scanned across th e  sample collecting th e  transm itted  electron signal. The 
key beneficial difference be tw een  a TEM and STEM is th e  small size of th e  electron beam. 
One major difference be tw een  th ese  techniques  is th a t  STEM requires ultra high vacuum 
(UHV) conditions, to  avoid contam ination of th e  sample w hen imaging and chemical analysis 
take place. The instrum ent used in this work is a Hitachi HD-2300A, which uses a Schottky 
field emission electron gun and uses an accelerating voltage of 200 kV. It can image in 
transmission electron and secondary electron m odes as well as a third, a High-Angle Annular 
Dark Field (HAADF) de tec to r  m ode, which will be explained below.
A HAADF de tec to r  is similar to  a back scattered  de tec to r  seen in conventional SEMs, but 
de tec ts  transm itted  electrons. This detection m ethod  can collect electrons th a t  have been 
strongly scattered . High scattering angles occur w hen an electron has passed close to  an 
atomic nucleus and th ere fo re  this detection m ethod  has a high dependency  on atomic 
num ber. The detection m ethod  is som etim es called Z-contrast imaging due  to  th e  high 
dependence  on atomic num ber, according to  th e  following equation^;
I = tpZ^  Equation 3-8
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The intensity of th e  signal (/) is d e p e n d e n t  on th e  thickness (t) and density (p) of th e  sample 
as well as th e  square  of th e  atomic num ber  (Z )^.
This allows the  user to  image th e  sam e sample by th ree  different de tec to rs  and combine the  
information th a t  they  provide in o rder  to  learn m ore abou t the  material. Figure 3-5 depicts 
th e  sam e position of a sample analysed by STEM using th re e  different detectors , secondary 
electron, transmission electron and HAADF detectors.
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Figure 3-5: Carbon nanotubes analysed using STEM using secondary electron (SE), transmission electron (TE) 
and high-angle annular dark field (HAADF) detectors.
By using th ese  th re e  de tec to rs  in series m ore can be determ ined  abou t composition of the  
sample. W hen using th e  SE de tec to r  bundles of CNTs can be seen on top  of th e  holey carbon 
grid and a network of large particles w rapped  to g e th e r  with CNTs. In TE m ode th e  CNTs are 
hard to  differentiate from th e  holey carbon grid th a t  they  are sitting on, because few 
scattering events occur, in som e areas  of the  sample graphitic walls can be seen  around the  
large particles, this is only observable w hen using th e  TE detec tor. In TE m ode, th e  large 
dark particles are indicative of a thick sample or a material with higher (than th e  
surrounding area) atomic num ber; however it canno t be de te rm ined  which it is. The HAADF 
de tec to r  can differentiate be tw een  the  tw o  hypotheses  as it has a larger d ep en d en ce  on 
atomic num ber, and it can the re fo re  be deduced  th a t  th e  particles are in fact com posed  of a 
high atomic num ber material (in this case iron).
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3.2.3.1. Electron Energy Loss Spectroscopy (EELS)
EELS is used in both TEM and STEM instrum ents and provides additional information with 
regards to  th e  detection and location of e lem ents  within th e  sample through th e  analysis of 
electrons th a t  have undergone inelastic scattering. Within TEM instrum ents  and 
transmission m ode  within a STEM instrument, e lectrons travel th rough th e  thin sample, 
those  th a t  interact with the  sample and lose energy are said to  have undergone  inelastic 
scattering and it is the  detection of th ese  electrons th a t  forms the  premise of EELS. A wide 
range of interactions can be de tec ted  in EELS, which are outlined below.
For specimen thicknesses encoun te red  in TEM and STEM samples, th e  m ost in tense peak in 
th e  EELS spectrum  is the  zero loss peak (ZLP), found at 0 eV containing all of the  elastically 
scattered  electrons. It is possible to  de tec t  electrons th a t  have undergone small energy 
losses arising from phonon excitation (typically 10-100 meV) but th ese  are often m asked by 
th e  ZLP. The low loss region (0-50 eV) corresponds to  electrons in th e  valence band on the  
material, from which th e  highest occupied molecular orbital (HOMO), lowest unoccupied 
molecular orbital (LUMO), band gap and th e  Fermi energy can be deduced. In th e  high loss 
region (from 50 eV to  thousands  of electron volts) e lectrons from inner electron orbitals are 
excited, excitations of th ese  electrons correspond to  th e  binding energy of th e  specific 
electron sub-shell in an a tom  which is also explained in Section 3.6 and can de te rm ine  the  
e lem ental composition of th e  sample.
The technique can be used both qualitatively and quantitatively over a small region of a 
sample, allowing analysis to  be carried out on single particles. EELS is said to  be a 
com plem entary  techn ique  to  X-ray emission (by e ither  EDX or WDX) as discussed in Section 
3.2.1.4. W hen EELS is combined with such a techn ique additional benefits to  sam ple analysis 
include full quantitative microanalysis across the  periodic table, higher spatial resolution in 
analysis and gaining information on bonding states^.
3.2.4. Summary of Electron Microscopy
Three different types of electron microscopy, which have been used th ro u g h o u t  the  
research project, have been outlined. The benefits of each system and various detec tion
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m ethods  have been sum m arised in o rder  to  explain th e  origin of th e  obtained  images and 
th e  advantages of combining th ese  techniques on sam ple analysis.
3.3. Spectroscopic Methods
A num ber  of spectroscopic techn iques  have been used as analysis tools th roughou t  this 
research project. A brief overview of the  theory  is given to  help in terp re t  th e  results 
obtained. The techniques  used are  UV-visible spectroscopy (UV-vis) and tw o vibrational 
spectroscopies; mid-infrared and Raman.
3.3.1. Ultraviolet-visible Spectroscopy
Many spectroscopic techn iques  are  labelled after th e  type of electrom agnetic  energy th a t  
the  technique uses to  excite th e  material of interest. As suggested by th e  nam e, this 
technique  uses energy within th e  visible and UV wavelengths. As transitions will be seen in 
th e  visible light spectrum , som e of th ese  transitions can be de tec ted  by th e  naked eye. For 
example m any transition metal complexes and organic dyes exhibit vivid colours in 
solution^.
In this project, UV-vis has been used to  quantify th e  concentration of rhodam ine B in 
solution, this com pound will be used to  explain som e of th e  fundam enta ls  behind the  
technique. Rhodamine B is an organic dye which fluoresces under visible light and appears  
as a reddish pink solution. The colour observed is de te rm ined  by the  frequencies of light 
th a t  are not absorbed  by th e  com pound, there fo re  w e view th e  com plem entary  colour of 
the  frequencies of light absorbed. This m eans th a t  an absorption maximum for com pound 
will be found som ew here  in th e  range of yellow and green wavelengths of light (490-580 
nm)^.
For such com pounds, UV-vis spectroscopy can quantify the  concentration of th e  com pound  
in solution and dete rm ine  th e  absorption maximum for a given com pound. For th e  example 
of rhodam ine this is expected to  fall in the  range of yellow and green wavelengths of which, 
which is true  and m easured  at 551 nm in Figure 3-6.
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Figure 3-6: UV/vIs analysis of rhodam ine solution in IPA showing the  absorption spectrum , the colour of the 
solution (pink) comes from absorption of the  com plem entary colour (peak maximum at 551 nm).
In a typical experimental a rrangem ent, a solution of com pound  in question is m ade  to  a 
known concentration in a pure  solvent and is placed in a cuvette  of known length. Another 
cuvette  is also filled with pure solvent; by using th e  solvent as a comparative m easure  the  
peaks obtained for th e  solution of in terest will rem ove any peaks p resen t from th e  solvent. 
From the  m easured  intensity and th e  known concentration th e  molar absorptivity, e, can be 
calculated in accordance with th e  Beer-Lambert Law:
A = £.C. I Equation 3-9
W here  A is absorbance, c is concentration (mol dm'^) and I is path length in centim etres. In 
o rder  to m easure  and calculate th e  concentration of an unknown solution a series of known 
concentrations of th e  sam e solution m ust be m easured  to  obtain th e  extinction coefficient, 
which can then  be used to  obtain th e  concentration of th e  unknown solution.
3.3.2. Vibrational Spectroscopy
Two atom s are held to g e th e r  in a bond by an overlap in one  or m ore of their  orbitals. 
Combinations of attractive and repulsive forces arise from th e  way in which th ese  a tom s 
bond and de te rm ine  a distance betw een  th e  atoms. This distance is the  equilibrium position 
of the  sum of the  forces acting on th e  atoms^. The equilibrium can be altered by applying 
external energy to  th e  system. Only particular frequencies will excite the  system to  a 
vibrationally excited sta te , which is expressed in th e  equation below:
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CO =  %7T. VK:VjU Equation 3-10
w here  w is th e  frequency, k  is the  bond strength and ju is th e  reduced mass of th e  two 
objects, which is given by:
(mi .m2) . ,  ^
u  = -------------  Equation 3-11
(mi+mz)
If th e  frequency of th e  incident energy is in resonance  with th e  bond, th e  bond will be 
prom oted  to  a vibrationally excited sta te , which occurs at quantized vibrational energy 
levels E(v). These s ta tes  are given by th e  equation:
E(v) =  (v +  %)hw Equation 3-12
W here v is the  vibrational quan tum  num ber, h is Planck's constan t and co is frequency. This 
can be applied to  th e  Morse potential-well diagram, w here  successive energy levels becom e 
increasingly close to g e th e r  until convergence at which point th e  attractive forces are too  
weak to hold th e  tw o a tom s to g e th e r  and th e  bond dissociates.
From the  equations  above th e  vibrational frequency of a bond will be d e p e n d en t  on th e  
mass of th e  a tom s forming th e  bond and th e  bond strength. Bond strength  will depend  on 
the  num ber of electrons in th e  molecule, which fill bonding and anti-bonding molecular 
orbitals and are summarized by th e  overall bond order. Higher bond orders  will lead to  
stronger bonds which in turn  will increase the  observed vibrational frequency.
3.3.2.1. Raman Spectroscopy
Raman spectroscopy is a form of vibrational spectroscopy th a t  records changes in th e  
vibrational s ta te  of the  molecules or structures analysed by inducing a dipole in th e  bond. 
The sample is irradiated with a m onochrom atic  light source which excites e lectrons to  a 
higher vibrational s tate . The energy of the  incoming light is not sufficient to  p rom o te  th e  
molecule to an electronically excited sta te , but w hen this light is absorbed  by th e  molecule a 
virtual excited s ta te  is created . Virtual excited s ta tes  have very short life t im es and th e
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majority of light is re-em itted  over 360°, at the  sam e energy. This process is known is 
Rayleigh scattering. In 1928 C.V. Raman first noticed th a t  a small am oun t  of this light differs 
in energy from the  incident radiation (Vo)^°. The energy gaps corresponded to  som e of the  
vibrational m odes of th e  molecule. This non-Rayleigh light can occur at both higher (loss of 
vibrational energy) and lower (gain of vibrational energy) energies. The lower energy peaks 
are known as th e  Stokes lines, w here  th e  molecule is p rom oted  from th e  ground s ta te  to  the  
virtual excited s ta te  and th en  back to  a vibrational level higher than  th e  ground state . In 
doing so, less energy is released w hen com pared  to  th e  energy of th e  incident radiation; th e  
difference in energy is m easured  as a w avenum ber  (cm'^) and is in the  infrared region. The 
higher peak is known as th e  anti-Stokes lines in which the  reverse occurs and a molecule 
with a higher vibrational s ta te  is p rom oted  to  th e  virtual excited s ta te  and then  relaxes back 
to  th e  ground sta te , hence releasing m ore energy than  was put in.
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Figure 3-7: Raman effect showing Rayleigh, Stokes and Anti-Stokes transitions, the  net change in energy 
level leads to  a peak being recorded in the  Raman spectra.
A change in th e  polarisability of a molecule must be p resen t for th e  molecule to  have Raman 
active modes^. Polarisability m easures  th e  ease  at which an electron cloud is d istorted  by 
th e  incoming electrom agnetic  radiation. For example, in a carbon-carbon bond (C—C) th e  
electrons are distributed equally around th e  two carbon atom s and no dipole is seen. If the  
electron cloud is distorted, th e  distribution will be altered  and th e re  will be m ore  of the  
electron cloud around one  of th e  carbon atoms. This results in an induced dipole w here  one  
carbon atom  is on average slightly negatively charged (more of th e  electron cloud) and one 
slightly positively charged (less of th e  electron cloud). This is deno ted  by
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W hen referring to  graphitic carbon structures, such as g raphene  and CNTs, th ese  transitions 
can also be depicted in ano ther  way and are described below in Figure 3-8^^. The lines 
crossing each o th e r  correspond to  th e  energy levels of th e  carbon centre  in a sp^ hybridised 
carbon lattice. Theoretically, ballistic conduction, w here  electrons can be t ran spo rted  along 
th e  material with negligible electrical resistivity caused by scattering, can be achieved in 
th ese  materials, which is depicted by th e  straight lines. The area below th e  crossing point 
represen ts  th e  valence band of an un-doped sp^ carbon bond and above is th e  conduction 
band. The crossing point corresponds to  the  Fermi energy, located at th e  K point of the  
Brillouin zone, w here  th e re  are no allowed density of s ta tes, m eaning no electron can hold 
this energy. This is the  reason th a t  CNTs and o th e r  sp^ carbon materials can be referred to 
as zero band gap semiconductors. The arrows rep re sen t  transitions from one  s ta te  to 
another, in this case Figure 3-8 shows a transition th a t  represen ts  th e  G band which is 
com m on in sp^ hybridised carbon materials. The energy difference be tw een  th e  resonance  
point and th e  virtual excited s ta te  (green arrow) relates to  th e  absorbed  energy by a 
phonon.
Figure 3-8: Depicts incident photon resonance (left) and scattered photon resonance (right) conditions, both 
convey a first order, one-phonon emissions and relate to  Stokes transitions. Resonance points are w here the 
arrows m eet the  excited sta te  energy levels.
As the  Raman Effect is very weak the  light source needs to  be well defined, hence  a 
m onochrom atic  laser source is used. Carrying out Raman spectroscopy on dark a n d /o r  non- 
reflective surfaces lead to  inherent problems with signal intensity. The sam ple absorbs  an 
appreciable am oun t  of light, which can end up causing localised heating and burning of the
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sample^^. To avoid dam age to  th e  sample and m isrepresenting th e  true  composition, low 
laser powers w ere  used (typically less than  1 mW cm'^). The instrum ent used in this project 
was a Renishaw Systems 2000 Raman Spectroscope.
3.3.2.1.1. Raman Analysis of Carbon Nanotubes
Raman spectroscopy can be used to  de te rm ine  th e  quality and s tructure  of carbon 
nanotubes. Using this m ethod  of analysis is quick and non destructive and th ere fo re  is a 
useful characterisation tool. The various bands and som e of their  overtones  are discussed 
and explain how to  in terpre t th e  results. The m ost im portan t bands w hen analysing CNTs 
are the  radial breathing mode(s) (RBM), D band, G band and th e  2D band.
3.3.2.12. G band
W hen carrying out Raman spectroscopy on carbon nano tubes  a characteristic first-order 
peak, known as th e  G-band, is p resen t for all graphitic carbon materials. This is quite often 
(but not always) the  m ost in tense peak w hen analysing CNTs. The G-band arises from optical 
vibration of tw o adjacent sp^ hybridised carbon atoms. The G-band does not disperse with 
the  laser excitation energy (Eiaser) and therefo re  will not shift or becom e less intense 
regardless of laser wavelength used.
The G band is split in to a doublet for SWCNTs and DWCNTs, th ese  peaks are labelled G and 
G .^ For MWCNTs this split is not seen as it is b roadened  by th e  num ber of walls in th e  CNT. 
The G^ is associated with vibrations along the  tube ,  th e  LO (longitudinal optical) m ode, 
whilst th e  G is associated with vibrations in the  circumferential direction, th e  TO (transverse 
optical) m ode. The intensity of th e  G" peak can decrease  due to  the  curvature  of the  
m easured  nanotubes . For semiconducting SWCNTs (s-SWCNTs) th e  G^ m ode  has a very 
strong peak and the  G' is weaker, and for metallic SWCNTs (m-SWCNTs) th e  G and G^" are of 
roughly equal intensities. Studies of single carbon nano tubes  have related th e  G peak 
position to  the  nano tube  type^^.
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3.3.2.I.3. D band
W hen determ ining th e  s tructure  of CNTs, th e  D and th e  overtone, commonly referred to  as 
th e  2D or (G') peaks are also of interest. They ap p ear  in all carbon allotropes and have been 
known for som e time^"^. These peaks arise from highly-dispersive double resonance  
processes and are d e p e n d en t  on th e  nano tube  d iam ete r  (dt) and Eiaser^ -^ This dependency  
has been studied on a single nano tube  level^^. For the  D band transition to  occur a 
scattering cen tre  m ust be p resen t in the  sample. There are a num ber  of types of centre, 
th ese  are  am orphous carbon, defects, edges and functionalised carbons^^. To fu rther  
unders tand  the  origin of th e  D band, th e  Brillouin zones and th e  necessary transitions have 
been illustrated in Figure 3-9.
Figure 3-9: Depicts one of the  possible combinations of transitions th a t give rise to  the  D peak In Raman 
spectroscopy. The D peak arises from photon Induced vibrational excitation (blue arrow), a phonon emission 
(green dashed arrow). Importantly a scattering event caused by a defect site (black dashed arrow) leading to  
electron-hole recombination and finally an energy relaxation via photon emission (red arrow).
This is only one  of a num ber  of possible combinations which give rise to  th e  D band, as in 
Figure 3-9, th e  areas below th e  K point rep resen t th e  valence band and th e  areas  above 
rep resen t the  conduction band. Firstly, th e  photon transfers  energy to  th e  electron and 
causes a vibrational excitation th a t  leads to  the  electron moving to  th e  conduction band 
(blue arrow). This causes an electron-hole pair as th e re  is now an excited e lectron of 
negative charge and a positively charged hole w here  th e  electron used to be. There is then  
an inter-band transition be tw een  tw o non equivalent carbon a tom s (K to  K') accom panied 
by a phonon emission (green arrow) th a t  changes th e  m om en tum  of th e  electron. Electron 
scattering by a defec t causes the  recombination of the  electron and th e  hole (displayed by 
the  black dashed  arrow) so th a t  th e  overall m om entum  of th e  electron is equal to  zero.
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before a relaxation process then  occurs to  bring th e  a tom  back to  th e  ground state , this 
occurs as photon emission (red arrow).
In order  for th e  electron and hole to  recom bine radiatively (with photon  emission) the  
electron and hole m ust m ee t  with opposite  m om enta , at th e  sam e point in space after
having travelled for an equal am oun t  of time^^
It has now been shown th a t  the  D band requires a defect point to  sca tter  an electron in 
o rder  to  recom bine with th e  hole and emit a photon. The 2D band, although being the  
second o rder  overtone  of th e  D band, does  not require a defect-rela ted  elastic scattering 
process and is seen in defect free sp^ hybridised carbon systems. Instead of defect 
scattering to  change the  m om entum  on th e  electron, recom bination is achieved with the  
emission of 2 phonons (green arrows) with opposite  wave vectors.
Figure 3-10: Depicts the  combination of transitions tha t give rise to  the  2D peak in Raman spectroscopy. 
Like the D peak, the  2D shows vibrational excitation (blue arrow), a phonon emission (green arrow), and 
photon emission (red arrow) but instead of being scattered by a defect uses a second phonon (green arrow) 
th a t leads to  electron / hole recombination, thus not relying on a defect to  occur.
A random  D band intensity variation will be observed from one nano tube  to  a n o th e r  as a 
result of a different am oun t  of defects p resen t within th e  nanotubes^^. As such it is good 
practice to  analyse a num ber of points across any given sam ple to  obtain a b e tte r  es tim ate  
of th e  num ber of defects present.
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3 . 3 . 2 . 1 . 4 .  CNT quality, I d / Ig
As th e  D band relates to  th e  am oun t  of d isorder within the  sample and th e  G band appears  
for all bonds with graphitic like s truc ture  a comparison be tw een  th e  tw o can indicate th e  
quality of th e  sam ple produced. A ratio of intensities is comm only used to  describe the  
quality of CNT synthesis^^. Generally th e  highest point of th e  G^ peak and th e  D peak are 
taken to  be th e  values to  ascertain th e  ratio. However, som e argue th a t  integration of the  
area under th e  peak may be a b e t te r  m anner  to  de te rm ine  nano tube  quality. This does  have 
som e inherent problems as th e  FWHM of th e  peaks are affected by th e  am o u n t  of 
am orphous carbon p resen t in th e  sample, and th ere fo re  would have a significant effect of 
the  calculated value. The ratio of semiconducting to  metallic nano tubes  would also have an 
effect on th e  integrated  value, w ithout necessarily indicating b e tte r  or poorer  quality 
nanotubes. Therefore, as peak height is no t affected by peak broadening or chirality, this 
m ethod has been adop ted  to  de te rm ine  nano tube  quality.
3.3.2.1.5. Radial Breathing Mode (RBM)
For SWCNTs and DWCNTs ano the r  first o rder  m ode is observed, th e  radial b reathing m ode 
(RBM) which is seen at relatively low frequencies in th e  Raman spectra.
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Figure 3-11: A typical Raman spectra of SWCNTs showing som e of th e  im portant peaks for analysis, these 
peaks will be the  focus on determining nanotube purity in this project, reproduced from Dresselhaus et al., 
2007^\
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These sets of peaks arise from all of th e  carbon a tom s vibrating in a radial direction and the  
position th ese  peaks appear  in th e  Raman spectra is inversely proportional to  th e  d iam eter  
of the  na n o tu b e s^ \  As with the  G band split th e  RBM is no t seen in MWCNTs. The figure is 
reproduced from (M.S. Dresselhaus et al., 2007^^) and shows a typical Raman spectrum  of a 
SWCNT sample.
3.3.2.I.6. Other Raman Bands Assigned to CNTs
A num ber of o the r  peaks arise in th e  spectra of carbon nanotubes , th e  p resence  of 
in term edia te  frequency m odes (IMFs) over th e  range of 400-1200 cm'^ in th e  Raman 
spectrum  of SWCNTs was first reported  in 1997^°. Debate as to  w h e th e r  they  are 
combinations and overtones  of o the r  modes^^ or as a result of defects^^ is ongoing. A large 
num ber of the  peaks found in SWCNTs have been  assigned and described by M.S. 
Dresselhaus et al.^^ and include th e  M band, seen above th e  G band and overtones  of th e  D 
and G bands. However, th ese  bands have not been analysed in detail within th e  se t of 
analyses carried out in this project. Many of the  peaks are p resen t in spectra obtained but 
not required to  analyse th e  quality of th e  sample produced.
3.3.2 2. Fourier Transform Infrared (FTIR) Spectroscopy
A complim entary techn ique to  Raman spectroscopy, FT mid-IR is ano the r  form of vibrational 
spectroscopy, which instead of inducing a dipole (polarisable) across a chemical bond (as 
with Raman), it is resonan t with chemical bonds th a t  have p e rm anen t  dipoles (bonds th a t  
are polarised). As th e  nam e suggests an infrared energy source is used in this techn ique  to 
give rise to  vibrational excitations within th e  material under  analysis. A beam  splitter is used 
to  produce tw o beam s of equal intensity; one  which passes through th e  sample, th e  o th e r  
bypasses the  sample and is used as a reference beam , to  record an in terference pattern . 
The sample m ust be in a dry nitrogen environm ent to  avoid peaks arising from air molecules 
th a t  are IR active, such as carbon dioxide and w a te r  vapour. For all molecules with a cen tre  
of symm etry no tw o vibrational m odes will occur in both Raman and FT-IR spectroscopy, 
this is te rm ed  the  mutual exclusion principle.
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Generally, w hen analysing pristine CNTs, Raman spectroscopy provides a lot of da ta  because  
of the  hom ogenous  bonds th a t  are capable of being polarisable. Contrastingly, FT-IR will 
show very little information for pristine CNTs and only w hen CNTs are functionalised does 
FT-IR becom e a useful tool to  de te rm ine  th e  functional groups present. Functionalisation of 
nano tubes  introduces he te rogeneous  bonds on to  th e  purely carbon backbone, th ese  bonds 
tend  to  be polar and th ere fo re  IR active ra the r  than  Raman active.
3.4. Atomic Force Microscopy (AFM)
AFM is a type of scanning probe microscopy which also includes scanning tunneling 
microscopy and scanning near  field optical microscopy (SNOM). This group of techniques  
requires a very sharp tip to  probe the  surface of th e  material. AFM can be carried ou t in a 
variety of ways, including non-contact, tapping, contact, conductive and m agnetic modes, 
and is d e p e n d en t  on th e  material under  investigation and the  characterisation 
requirem ents. AFM can be carried out in air, which is advantageous w hen imaging polymeric 
and biological samples for instance^^.
A typical experimental se t up used for this project used AFM in tapping m ode  in which th e  
tip came in to  in te rm itten t  contact with th e  sample surface. The tip is m ounted  on a flexible 
cantilever and th e  deflection in th e  tip was m easured  by th e  reflection of laser. By raster  
scanning across th e  surface of in terest a map can be built up of the  topology of th e  surface. 
The height of nanoparticles can be m easured  using this se t up, which has been applied to  
iron catalyst particles for CNT synthesis.
3.5. Thermogravimetric analysis (TGA)
TGA is a therm al analysis technique th a t  accurately weighs a sample for th e  duration of a 
heating process, in a controlled environm ent. As th e  te m p e ra tu re  increases th e  sample 
decom poses  and th e  weight change is recorded. Information abou t th e  composition of th e  
sample can be inferred by the  mass loss and th e  te m p e ra tu re  at which mass is lost. For 
accurate analysis to  be achieved, a rapid response to  weight change m ust be recorded on a 
precision balance as th e  tem p e ra tu re  is increased at a linear and reproducible heating rate, 
within a uniform hot zone^^.
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W hen analysing carbon nano tubes , th e re  are a num ber  of mass loss probabilities th a t  can 
occur, d e p e n d en t  on the  sam ple quality. Amorphous carbon will be oxidised at a lower 
te m p e ra tu re  than  the  CNTs^^. It has been reported  th a t  this gap be tw een  decomposition of 
am orphous carbon and SWCNTs depends  on the  quality of th e  CNTs present^^. Annealing 
defects in nano tubes  can be carried ou t at high tem p e ra tu re  in an inert a tm osphere ,  so no 
oxidation can occur; this effectively heals defects p resen t in the  nanotube^^  and the  
activation energy of this healing effect has also been investigated^^.
Annealing defects in SWCNTs (at 1200° C in N2 a tm osphere)  improves th e  quality of the  
nano tubes  and hence th e  tem p e ra tu re  at which they  decom pose  in air (at 600° C)^°. This 
indicated th a t  the  num ber of defects can affect th e  decomposition tem p e ra tu re  and th a t  
decomposition occurs at defective sites. MWCNTs decom pose  at a slightly higher 
te m p e ra tu re  (when com pared  to  un trea ted  SWCNTs) of 500° C in air. The higher oxidation 
te m p e ra tu re  for MWCNTS is explained by th e  van der  Waals interactions, which occur 
be tw een  walls of th e  nano tube . This makes a MWCNT m ore stable than  a SWCNT, and 
hence requires a higher tem p e ra tu re  to  initiate oxidation. The g rea te r  am oun t  of material 
and the  na tu re  of MWCNTs having concentric walls result in a longer oxidisation time, w hen 
com pared  to  a SWCNT. Smaller nano tubes  oxidise at lower te m p e ra tu re  due to  the  
increased curvature and strain p resen t in the  nanotubes^^.
If the  nano tube  sample has w a te r  present, then  this will be lost at a te m p e ra tu re  near  to  
100° C. TGA can also be useful in determining the  am oun t  of catalyst p resen t in th e  sample, 
at the  tem p era tu re s  reached within TGA th e  catalyst will be left as an oxide residue in the  
sample. The nano tube  oxidation tem p e ra tu re  also depends  on th e  d iam eter  of the  
nano tube  and th e  num ber of defects present^^. If th e  nano tube  sample has been filled and 
all th e  filling material has been rem oved from be tw een  th e  tubes , the  filling efficiency can 
also be assessed.
3.6. X-Ray Photoelectron Spectroscopy (XPS)
XPS is a surface analysis techn ique th a t  de term ines  th e  elem ental composition of a material 
as well as th e  chemical s ta tes  of the  e lem ents  within the  first few  nanom etres  of a material. 
The techn ique  can be used qualitatively to  determ ine  th e  presence  of e lem ents  at th e
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surface of a sample or quantitatively to  de te rm ine  th e  am oun t  of each e lem en t  and 
chemical s ta te  present. W hen combined with an etching process, XPS is able to  de te rm ine  a 
th ree  dimensional spatial distribution of e lem ents.
The m ethod takes advantage of th e  photoem ission process, in which an electron is ejected 
from a core level of an atom  by an incident X-ray photon  [hv). The energy of th e  electron is 
characteristic of th e  a tom  and is m easured  using a spectrom eter .  This techn ique  is able to 
de tec t  very small binding energy shifts, so we can differentiate be tw een  various types of 
bonding of th e  sam e elem ent, and is also able to  resolve th e  fine structure , which reveals 
the  atomic environm ent of a specific e lem en t  (e.g. its coordination).
X-ray photon
Figure 3-12: The photoemission process of an inner electron, in this case, an electron from the  Is  shell in a 
carbon atom.
The sample to  be analysed is placed in an ultra-high vacuum environm ent (less than  1x10'^ 
Pa) along with a suitable source able to  produce X-rays. A vacuum env ironm ent is 
imperative to  avoid th e  em itted  e lectrons colliding with gas a tom s and molecules, 
preventing electrons from reaching the  detec tor. X-rays are  produced by bom barding  an 
anode  material (typically aluminium or magnesium) with high energy electrons. The anode  
material m ust be able to  produce a photon  of high enough energy to  excite core e lec trons in 
all e lem ents  in th e  periodic table  as well as having a small enough X-ray line width so as to  
resolve th e  fine s tructure  on th e  density of s tates. Additionally th e  X-ray sources should not
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have peaks within th e  energy range of in terest  as th ey  could mask signal ob tained  from the  
sample. The X-ray source available for this project has both aluminium and m agnesium 
anodes, in a twin anode  arrangem ent. Characteristic photon  energies are  1486.6 eV and 
1253.6 eV respectively. The ability to  m easu re  using tw o  anodes  gives th e  ability to  
differentiate be tw een  true  pho toelectron  transitions and Auger electron peaks (which are 
th e  result of a n o th e r  possible relaxation route  explained in Section 3.6.1). Photoelectron 
peaks are d e p e n d en t  on th e  energy of th e  incoming photons, w hereas  Auger electrons are 
not. It is possible to  differentiate  be tw een  th e  tw o types of peak due  to  th e  energy shifts 
seen w hen  switching be tw een  anode  materials. On a kinetic energy scale Auger peaks 
remain in th e  sam e position w hen analysing with e ither  th e  aluminium or m agnesium  
anode, but th e  photoelectron  peaks will shift by th e  difference of th e  incoming pho tons 
(233 eV). The reverse is t rue  w hen working on a binding energy scale, w here  pho toelectron  
peaks remain constan t and Auger peaks shift by 233 eV.
During this process th e re  is a direct energy transfer  from th e  incident x-ray pho ton  to  a core 
level electron o f  a surface a tom . The electron is th en  subsequently  em itted  from th e  a tom  
and travels up th e  sam ple analyser column w here  it is separa ted  by energy and counted . 
Notation of em itted  photoelectrons follows th e  nlj schem e, which describes th e  e lectrons 
positioning (through orbitals) in th e  a tom  and hence describes th e  binding energy o f  th e  
electron. The first character  of th e  notation follows th e  n quan tum  num ber, with in teger 
values g rea te r  than  0. The second character relates to  th e  orbital angular m om en tum  
quan tum  num ber, /, and takes  th e  le t te r  assignation ra the r  than  th e  integer value, and  is 
shown in Table 3-1.
Angular m om entum  Orbital
quan tum  num ber, I_______notation
0 s
1 P
2 d
3 f
Table 3-1: Relationship betw een angular m om entum  quantum  num ber (/) as a function of orbital 
nom enclature.
Peaks corresponding to  electrons from orbitals with an angular m om en tum  quan tum  
n um ber  (/) g rea te r  than  0 are  split in to  two, this is due  to  th e  interaction o f  th e  e lectron
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angular m om entum  due to  its spin with its spin angular m om entum , s^, which can be e ither 
+>2 or -Yz. The tw o angular m om enta  are added  vectorially to  give th e  quantity  j, expressed 
as:
j  = \ l  + s \
For example, the  j  values for an electron from th e  d orbital {1=2) can be e ither  3 /2  or 5/2. 
Their relative intensities are given by th e  formula {2j + 1), so for an electron in th e  d orbital 
with j  of 3 /2  or 5 /2  th e  relative intensities are 2:3.
The kinetic energy ( E k) of th e  electron is experimentally m easured  and is a de te rm ined  by 
th e  incident X-ray photon energy and th e  chemical s ta te  seen. The o th e r  pa ram ete r  th a t  
m ust be taken in to  account is th e  work function (W) of the  spectrom eter ,  all of which can 
be combined to  de te rm ine  the  binding energy ( E b) of the  m easured  electron, according to  
th e  following formula:
Eq =  hv — E]^  — W Equation 3-14
XPS is a very surface sensitive technique; the  depth  from which electrons are  analysed in the  
sample varies with th e  kinetic energy of th e  electrons. Depth analysis is de te rm ined  by the  
a ttenuation  length (A a t ) of th e  e lectrons which relates to  th e  inelastic m ean free  path 
(IMFP). A calculation of dep th  analysis is described by Seah and Dench^^:
Aat =  ^  + 0.41«A («A Ea)» =
^  A
W here Ea is th e  energy of the  electron (eV) and aA is th e  m onolayer thickness (nm). This is 
im portan t to  realise as w ithout th e  use of an argon ion gun, to  etch th e  sample, only th e  
surface layers of a sample emit electrons th a t  are de tec ted .  Therefore, this should be 
considered w hen interpreting th e  results ob tained  as, for example, som e of th e  constituents  
of samples m easured  in this project will not be de tec ted  by XPS analysis. For instance in iron 
decora ted  MWCNT samples, th e  iron is coated  in a carbon shell typically of 5nm thickness or 
more; this is thicker than  the  emission depth  of e lectrons m easured  by XPS and hence 
de tec ted  electrons corresponding to  iron species will be negligible. From equation  3-15 it
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can be said th a t  th e  a ttenuation  length is d e p e n d en t  on th e  energy of th e  electrons, which 
will be th e  sam e for all e lem ents  analysed, but also th e  volume of the  atom, meaning th a t  
the  technique is m ore sensitive to  e lem ents  with large atomic numbers.
The intensity of e lectrons (/) em itted  from th e  material from dep ths  grea ter  than  dp is given 
by th e  Beer-Lambert relationship and adjusted for an angle (i9) normal to  th e  surface:
/  =  lo exp ( -  Equation 3-16
W here, lo is th e  intensity from an infinitely thick, uniform substra te . The values of the  IMFP 
are of th e  o rder  of a few nanom etres , indicating th e  surface sensitivity of this technique.
Electrons th a t  are excited and are de tec ted  w ithout any energy loss contribute  to  th e  
characteristic peaks in th e  spectrum . The electrons th a t  undergo inelastic scattering loose 
energy and contribute  to  the  background noise seen in th e  m easu rem en t  and may lead to  
smaller peaks or tails seen at lower kinetic energies^^
3.6.1. Auger emission
The o ther  possible relaxation route  is to  emit Auger electrons; this is often referred to  as X- 
ray induced Auger electron spectroscopy (X-AES). The core vacancy left as the  result of th e  
photoelectric  effect, will be filled by an electron from a higher energy orbital. The energy 
difference be tw een  th e  tw o s ta tes  is em itted  as an x-ray photon (as in XRF) which is then  
subsequently  absorbed  by ano the r  electron in th e  atom . This electron subsequently  has 
enough energy to  result in a second electron emission from th e  sam e atom . Figure 3-13 
describes th e  form ation of a core vacancy by an X-ray photon  (Step 1), as is th e  case with 
XPS, an internal transition to  fill th e  hole crea ted  (Step 2), which then  transfers  its energy to  
a n o th e r  electron in th e  a tom  th a t  is subsequently  em itted  as an Auger electron (Step 3) to  
satisfy th e  principle of conservation of energy.
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Figure 3-13: Depiction of Auger electron emission as a relaxation mode to  fill core energy level electron 
vacancies. The probability of an Auger event is relatively small, and it is a predom inantly surface technique, 
since electrons escape from very near the  surface (<3nm).
In X-ray notation th e  n quan tum  num ber  is designated a le t te r  instead of a num ber, so 1,2,3 
becom es K,L,M. X-ray notation is used to  describe th e  Auger electron process with th ree  
letters, th e  first to  describe th e  orbital from which th e  initial electron is em itted , th e  second 
for th a t  of th e  electron th a t  fills th e  vacancy and th e  third for th e  ejected Auger electron. In 
th e  figure above a core electron is em itted  from th e  I s  orbital and both of th e  o the r  
electrons in th e  process are from 2p orbitals making the  notation KLL This te rm  is also 
commonly described in te rm s  of core (C) and valence (V) electrons, w here  KLL corresponds 
to  CVV.
3.6.2. High Resolution XPS
XPS conditions can be changed to  focus analysis over peaks found in an initial survey scan of 
the  sample. By increasing th e  dwell time, decreasing th e  gap be tw een  m easu rem en ts  and 
running multiple scan a peak or peaks can be resolved in high resolution. It is no t  currently 
feasible to  run this kind of analysis over th e  whole spectrum  because  of th e  long analysis 
tim es required to  obtain th ese  m easurem ents . By resolving peaks in high resolution one  can 
de tec t  small changes th e  observed binding energies of an e lem en t in th e  sample. These 
small changes correspond to  different chemical environm ents of th e  e lem ent. The 
formation of chemical bonds changes th e  oxidation s ta te  and electron density surrounding 
the  a tom  which leads to  changes in the  binding energy of electrons in th a t  a tom . The
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starting or initial energy s ta te  and the  excited s ta te  contribute  to  the  observed shift in 
binding energy. Vickerman suggest th a t  th e  majority of the  observed chemical shift is 
attr ibu ted  to  th e  initial s ta te  effects^^ As a general rule, as formal oxidation s ta te  increases, 
the  observed binding energy of th e  e lem en t increases (assuming th a t  final s ta te  effects, 
such as relaxation have similar magnitudes, regardless of th e  oxidation state).
Graphene Oxide 
Reduced Graphene Oxida
o  ■
280 282 284 286 288 290 292
Binding Energy (eV)
Figure 3-14: XPS spectra of Cls peak of graphene oxide and reduced graphene oxide, displaying the  different 
chemical environm ents of the  carbon atom s in each material as a result of chemical oxidation.
A similar trend  in the  shift of binding energy is seen for e lem ents  with a variety of functional 
groups. As a general trend , th e  observed binding energy increases with increasing 
electronegativity of th e  functional group and the  bonding order. This is of particular in terest 
w hen studying th e  functionalisation of nanosized carbon materials. Functionalisation of 
g raphene and carbon nano tubes  breaks th e  sp^ hybridised carbon bonding in th ese  
materials, functional groups can included alcohols (C-OH), epoxides (C-O-C), ke tones  and 
aldehydes (C=0) and carboxylic acids (C-OOH). W hen using high resolution XPS, th ese  
groups can be differentiated because of th e  binding energy shift, integration of th ese  peaks 
can de te rm ine  th e  relative intensities of th e  different functional groups a ttached  to  th e  
central carbon atom  (as displayed in Figure 3-14). Therefore, XPS can de te rm ine  th e  ex ten t 
of functionalisation seen in the  chemical processing of nano carbon materials.
3.7. Summary of Analysis Techniques
The major techn iques  used th roughout this project have been sum m arised to  p resen t  a 
basic understanding of th e  data  th a t  can be obtained. The way in which each of th e
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techniques  probe different characteristics of samples has been reviewed. Using a 
combination of th ese  instrum ents  provides a s trong analytical basis to  qualitatively and 
quantitatively categorise th e  materials under  examination. Special em phasis has been put 
on carbon nano tubes  as th ese  materials form ed a large fraction of the  work carried out.
3.8. Synthesis techniques
The majority of this chap ter  has focused on th e  background and in terpre ta tion  of the  
characterisation techniques  used in this project. Synthesis techniques  will be briefly 
outlined, explaining each techn ique  in th e  sam e way as th e  characterisation techniques; 
focusing on th e  theory  and why each techn ique has been used. The experimental 
p rocedures and recipes will not be outlined here  but s ta ted  w here  appropria te  in the  
specific research chapters  of th e  thesis.
3.8.1. Tube furnace
A tube  furnace has been used for a variety of experim ents  th roughou t  this research project, 
focusing on tw o areas; m agnetic particle decoration of MWCNTs and s team  t re a tm e n t  of 
CNTs and CNT loaded fibres. The Carbolite tube  furnace has a maximum te m p e ra tu re  of 
1500°C and a heating rate  of up to  100°C/min. A quartz tu b e  is placed within the  reaction 
zone with each end protruding from th e  furnace. Samples are placed in th e  cen tre  of the  
furnace. With th e  current a rrangem en t in our laboratory th e  reactive a tm osphe re  can be 
oxidative (air) or inert (nitrogen) th e  flow of which can be regulated. Vacuum conditions 
cannot be used with th e  current a rrangem ent. For magnetic particle decoration, 
experim ents  w ere  carried out under a flow of nitrogen, to  ensure  th e  presence  of an inert 
environm ent and to  rem ove product species from th e  reaction zone. At th e  te m p e ra tu re s  
used it is imperative to  maintain an inert environm ent to  avoid th e  oxidation of carbon 
nanotubes , this will also have an oxidative effect on th e  produced iron nanoparticles.
The system was customised from th e  standard  a rrangem en t outlined above for s team  
t re a tm e n t  of CNTs and CNT loaded fibres. As with th e  process outlined above, a regulated 
nitrogen supply is used as th e  gas supply. However, during th e  s team  t re a tm e n t  s tep  the  
nitrogen supply is diverted and bubbled through a sealed and hea ted  flask of w a te r  kept just
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below boiling point (98°C) before  entry to  the  tu b e  furnace. This allows the  addition of 
w a te r  vapour to  th e  cham ber, which is kept as vapour as th e  furnace is above 100° C w hen 
it is added.
For both studies relatively low cost consum able  materials, nitrogen, w a te r  and electricity 
w ere  used during synthesis and th e  yield was only limited by th e  d iam eter  of th e  quartz 
tube  and th e  length of th e  reactive zone. By using such equ ipm en t and consum ables the  
possibility to  upscale th e  processes is very high and makes such processes potentially 
commercially viable.
3.8.2. Photo-Thermal Chemical Vapour Deposition (PT-CVD)
CNT synthesis was carried out using a chemical vapour deposition techn ique  (CVD). The 
majority of CNT synthesis procedures  using this m ethod  are  carried out in a flow reactor  
under vacuum pressures, with a hea t  source th a t  heats  up th e  entire  cham ber, known as 
"hot wall" synthesis. However, th e  system used in this study has a photo  therm al (PT) hea t  
source situated  above th e  sample and reaction zone. The heat  source is gene ra ted  by 8 
infrared lamps, each with a pow er o u tpu t  of 1 kW; taking th e  total maximum pow er to  8 
kW. The use of a photo-therm al source allows a high heating rate  and ta rge ted  hot zone, 
supplying energy directly to  th e  catalyst surface. This allows for short synthesis t im es and a 
tem p e ra tu re  gradient be tw een  reaction zone and substra te , as well as th e  walls of th e  
reactor, and is classified as a "cold wall" synthesis m ethod. Typically substra te  t e m p e ra tu re  
and reaction tem p e ra tu re  differ by over 250°C w hen using a typical power ou tp u t  (3.2 kW 
or 40% of total power) for CNT synthesis^^ w ithout affecting calculated product quality in 
th e  cases of CNT and g raphene  synthesis^^. In addition to  maintaining low substra te  
tem pera tu re s ,  synthesis can be carried out over relatively large areas (over 4 inches 
d iam eter) which are advantages for CNT synthesis in th e  sem iconductor and sensor device 
industries' .^
The benefit of a high heating rate  allows for near im m ediate  CNT initiation and growth. This 
advantage over o th e r  CVD techniques  has been exploited in this project. The catalyst used 
for CNT growth is iron nanoparticles, which are form ed w hen an organometallic com pound
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(containing iron) is reduced in th e  reaction cham ber. Small nanoparticles (in th e  range of a 
few  nanom etres)  are required to  synthesise single and few-walled CNTs. PT-CVD allows for a 
small time delay be tw een  reduction of th e  com pound  to  form iron nanoparticles and those  
particles becoming catalytically active and initiating CNT growth through a very high heating 
rate, highlighting th e  benefits of using a system with a PT hea t  source.
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4 Facile decoration of Multi-walled Carbon Nanotubes with Acid-Protected 
Magnetic Iron Nanoparticles
4.1. Outline
A simple, one-po t m ethod  to  synthesize magnetic iron nanoparticles (Fe-NPs) a ttached  to  
multi-walled carbon nano tubes  (MWCNTs) is explained in this chapter, to g e th e r  with a 
description of th e  synthesis and of th e  characterisation processes, as well as exploring 
possible fu ture  application of th e  nano-hybrid material. In this thesis. Chapter 2 has outlined 
num erous synthesis and protection m ethodologies for iron nanoparticles. Many m ethods  
rely on th e  surface chemistry of CNTs to  provide weak bonding interactions, such as van der 
Waals forces, to  attach th e  tw o materials together. We show  th a t  th e  precursor used in this 
study provides sim ultaneous form ation and protection of iron-rich m agnetic nanoparticles 
and covalent a t tach m en t  of magnetic nanoparticles to  MWCNTs.
Fe-NPs are synthesized from th e  decomposition of cyclopentadienyliron dicarbonyl dim er 
[(C5Hs)2Fe2(CO)4] using a range of tem p e ra tu re s  from 250 to  1200° C. This wide te m p e ra tu re  
range was chosen to  assess how th e  precursor is decom posed , how iron nanoparticles form 
and are subsequently  p ro tec ted , and has been assessed using scanning transmission 
electron microscopy (STEM). A small num ber of journals show research on th e  
organometallic material in a variety of fields, including: photochemistry^'^, carbodiimide 
catalysis^, surface chemistry using zeolites^ and alumina supports^ and vibrational 
spectroscopy^. It has also been used as a precursor to  MWCNT growth^'^. The ability to  grow 
MWCNTs was of particular interest, as this shows evidence th a t  th e  com pound  can form 
CNT catalyst seed particles and has the  ability to  graphitise carbon, both facts which have 
been capitalised upon in this study. CNT growth using this precursor has, for th e  first time, 
been ex tended  to  th e  growth of SWCNTs and few-walled CNTs (in Chapter 5).
The interesting physical and chemical properties of th e  com pound give specific advantages  
com pared  to  o ther  known precursors, such as ferrocene and iron pentacarbonyl. Covalent 
a t tachm en t  is though t  to  be a result of th e  decomposition route  of th e  com pound, which
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can form radicals th a t  are  able to  attack CNTs®. This is a distinct advantage  over o th e r  iron 
containing organometallic com pounds; th e  higher tem p e ra tu re  of decom position of th e  
com pound is also expected to  be beneficial in nanoparticle  formation. The relatively low 
synthesis tem p e ra tu re  of encapsulated  nanoparticles has only been  seen  in a handful of 
journals^”^^  and none  using a one-s tep  synthesis route. The system introduced in this study 
avoids complex synthesis rou tes  and provides a low cost, low te m p e ra tu re  and effective 
rou te  for protecting iron rich NPs.
Thermal t r e a tm e n t  in an inert env ironm ent (nitrogen gas) results in th e  form ation of Fe-NPs 
around MWCNTs. As th e  organometallic precursor decom poses , iron nanoparticles are 
synthesised, which can absorb  carbon in to  th e  sub-surface, following a m echanism  similar 
to  carbon n ano tube  synthesis (as described in Chapter 5). In contras t to  CNT synthesis, 
w here  an external carbon source is constantly replenished in th e  growth stage, only a finite 
am oun t  of carbon is p resen t (which com es from th e  carbon containing groups in th e  
precursor). The finite quantity  of absorbed  carbon is th en  exuded from th e  nanoparticle  
upon cooling and produces a protective carbon shell around th e  Fe-NPs, leading to  
protection from oxidation in air and acid resistance. The carbon coating varies in 
crystallinity, with higher synthesis tem p e ra tu re s  leading to  a higher degree  o f  graphitization. 
The carbon shell and MWCNTs can subsequently  be chemically functionalized using a well 
known oxidation techn ique  with nitric acid^\ Functional groups are  added  to  th e  surface of 
th e  graphitic carbon w ithout dissolving all of th e  magnetic  particles, the re fo re  th rough  facile 
gro\A/th and functionalisation m ethods, chemical selectivity (through th e  p resence  of 
functional groups) can be achieved for m agnetic nanoparticles. Exploitation of th ese  
properties  is of in terest in a num ber  o f  fields including: nanofluidics^®'^®, ta rge ted -d rug  
delivery^^ and rapid removal of organic molecules from w ater. Rhodamine B is on e  such 
organic molecule, which has th e  potential to  be adsorbed  by CNTs (and rela ted  sp^ 
hybridised carbon materials) through a variety of molecular interactions, including arom atic 
stacking, which involves quadropole  interactions be tw een  delocalised e lectrons in p- 
orbitals^®, and has been used in this work to  de te rm ine  to  adsorption potential and 
magnetic retrieval of th e  nanohybrid, as a possible decontam ination  application, show n in 
Section 4.7.
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4.2. Selection of th e  Organom etallic  Com pound
The decomposition of iron pentacarbonyl in the  presence  of oleic acid is a well known 
m ethod for Fe-NP formation^^. Ferrocene has also been shown to  decom pose  and form a 
carbon shell around the  iron nanoparticles, and has shown to  exhibit novel s tructures '^ . The 
iron precursor used in this work, cyclopentadienyliron dicarbonyl dimer [(C5H5)2Fe2(CO)4] 
(som etimes referred to  as Cp2Fe2(CO)4), can be synthesized from ferrocene  and has 
different chemical and physical properties. It was chosen because, unlike the  o ther  
precursors, it can form free radicals during decomposition, due to  th e  dimeric na tu re  of the  
molecule^. Studies have shown it to  be a useful radical initiator in free  radical photo- 
polymerisation^ and has been shown to  act as a catalyst for MWCNT growth^. The presence  
of free radicals is likely to  aid th e  covalent a t tach m en t  of th e  nanoparticles to  carbon 
nano tubes  during th e  nucléation process. This precursor has so far not been studied, to  th e  
best of our knowledge, to  form magnetic nanoparticles, although it is readily available.
4.2.1. Radical Formation
The reaction mechanism for radical formation is shown in Figure 4-1, w here  th e  p-bonded 
carbonyl groups (CO bonded to  both iron atoms) break a bond with one  of th e  iron atom s, 
forming th e  in term edia te  species. This species can then  break down into tw o  identical 
radicals, as th e  iron-iron bond is broken and one  electron from th e  sigma bond goes to  each 
of the  iron species.
CO
CO
0 0
CO
CO CO
+ h e a t wk i 5 + h e a t
OC CO
CO
CO
Figure 4-1: Schematic of radical form ation from cyclopentadienyliron dicarbonyl dimer upon the  addition of 
heat, this is expected to  occur at low tem peratures and has shown photochemical activity^.
Radicals are extremely reactive species and are short lived; th ese  species could react with 
th e  MWCNTs p resen t and form chemical bonds. The iron-containing bonding sites will th en  
act as fixed nucléation sites for nanoparticle formation. It has not been ascerta ined  if the  
radicals attack defective sites preferentially, however it is though t  th a t  th e  energy required
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to  form a covalent bond at th ese  sites will be reduced w hen com pared to  pristine nano tube  
walls. Carbonyl groups will be lost in the  decomposition of th e  iron precursor, as has been 
shown for iron pentacarbonyl^^. This would lead to  m ost of th e  carbon used to  form the  
shell coming from th e  cyclic carbon ring. Nyamori et al. propose th a t  carbon species derived 
from C5H5 or CO ligands, as used in (C5H5)2Fe2(CO)4, will break down into free  carbon or 
similarly small carbon radicals^^. The effect of synthesis tem p e ra tu re  will be investigated in 
relation to  species form ed, nanoparticle size, oxide con ten t  and ex ten t of graphitization. 
Different t e m p e ra tu re  conditions (from 250 to  1200° C) are likely to  alter th e  decom position 
of the  precursor, th e  absorption of carbon, th e  coalescence of nanoparticles and th e  
integrity and quality of th e  protective coating.
4.2.2. Thermal Decom position of th e  Com pound
100-1
Cp2F82(GO)4 in nitrogen 
Cp2Fe2(C0 )^  in air80 -
6 0 -
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Figure 4-2: TGA curves displaying the mass loss of Cp2pe2(CO)4as a function of tem perature  in air (red line) 
and nitrogen (black line). Analysis in nitrogen is useful in trying to  determ ine the decomposition route th a t 
occurs during iron nanoparticle synthesis.
The therm al decomposition of Cp2Fe2(CO)4 was assessed using therm ogravim etric  analysis 
(TGA), shown in Figure 4-2. Results show th a t  different decomposition pathw ays are  taken 
w hen the  com pound  is hea ted  in air and in nitrogen. The pathw ay taken in the  presence  of a 
nitrogen (inert) a tm osphe re  is of particular in terest as this is directly com parab le  with 
synthesis conditions used in this study to  form iron nanoparticles a ttached  to  carbon 
nanotubes. Two mass loss peaks are  observed in nitrogen, one  before 200° C and one  at
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approximately 235° C. For this reason studies on nanoparticle form ation have not been 
undertaken  below 250° C, in o rder  to  ensure  s table nanoparticles are form ed. Metallic iron 
is expected to  remain in th e  pan after  TGA analysis, with no oxygen p resen t  in th e  sample, 
this is expected  to  correspond to  th e  percen tage  of iron in th e  com pound, calculated in 
Table 4-1. These values do no t correspond, with less mass remaining in a fte r  TGA analysis 
than  is expected. It could the re fo re  be th a t  som e of th e  iron has been  rem oved from the  
pan, it is hypothesised th a t  this is a result sublimation of iron containing fragm ents  during 
th e  decomposition of th e  com pound.
Fragm ent M ass units % Total W eight
CpzFe2(CO)4 (starting  m aterial) 353.92 100.0
2 C p  (C5H5) 130.19 36.78
4 CO 112.04 31.66
2 F e 111.69 31.56
Oxidised Fragm ents M ass units % W eight *
2 Fei-xO 143.69 40.60
FezOg 159.69 45.12
Table 4-1: Calculated mass fragm ents of Cp2pe2(CO)4as a function of total weight, used to  com pare against 
th e  mass losses seen in TGA results.
As with nanoparticle synthesis, th e re  may be som e carbon remaining after  TGA, th e  am oun t  
of which cannot be de te rm ined . However, th e  determ ination  of th e  te m p e ra tu re s  a t which 
decomposition occurs is im portan t  w hen outlining th e  synthesis tem p e ra tu re s  to  be used in 
this thesis.
Decomposition of th e  com pound takes  a different pathw ay in an oxygen containing 
a tm osphe re  (dry air), th e  first mass loss even t is seen  a t  a lower te m p e ra tu re  than  in 
nitrogen, whilst th e  second mass loss events  occurs at higher te m p e ra tu re  w hen  com pared  
to  results ob tained  in nitrogen. The mass remaining after  TGA analysis is 39.4 %, close to  
th e  predicted mass of iron(ll) oxide (FeO) shown in Table 4-1. It could be th a t  a t  over th e  
tem p e ra tu re  range studied th e  com pound forms iron(ll) oxide, and unlike results in nitrogen 
does not exhibit th e  loss of iron particles. However, if iron(lll) oxide is p resen t  th e  m easu red  
mass percen tage  should be higher (45.12 %), and hence som e iron has been  lost. To
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determ ine  which of th ese  is true , fu ture  work should include characterisation of the  
oxidation s ta te  of iron remaining after TGA analysis, for instance by XPS.
4.2.3. Synthesis Conditions
Cyclopentadienyl iron(ll) dicarbonyl dimer [(C5H5)2Fe2(CO)4] (Sigma Aldrich 99 %, CAS: 
38117-54-3) was dissolved in chloroform (CHCI3 ) (Fisher Scientific, Analytical Reagent Grade 
99.99 %) and subsequently  mixed with MWCNTs (Arkema Graphistrength). Chloroform was 
used to dissolve th e  iron precursor and to  obtain suitable CNT dispersions w ithout th e  use 
of a surfactant. The subsequen t  mixture was then  sonicated for 1 hour using a tip probe 
sonicator (750 W) at 30 % pow er (225 W) in order  to  coat th e  maximum possible surface 
area of th e  CNTs with the  com pound. Solutions w ere  then  left to  dry in a fum e cupboard  to  
form a hom ogenous powder.
The solid was collected and placed in a ceramic boat before  being introduced into a tu b e  
furnace. All experim ents w ere  carried ou t at a tm ospheric  pressure  in an inert environm ent 
of dry nitrogen, with a nitrogen flow rate of 0.5 L/min. Oxygen was rem oved from th e  
cham ber during a one  hour purge step, before th e  tem p e ra tu re  was elevated. The final 
tem p era tu re ,  tem p e ra tu re  rate  and holding tim e w ere  varied across experim ents  in o rder  to 
ascertain th e  optim um  synthesis conditions. Synthesis tem p e ra tu re s  ranged from 250 to  
1200° C, few nanoparticles are expected to  form below 250° C, th e  decomposition point of 
the  com pound is as 194° C in nitrogen, supported  by TGA of th e  com pound in Figure 4-2. 
Nitrogen was continually passed in to  th e  furnace to  rem ove evapora ted  reactan ts  and to  
avoid oxygen leaking in to  the  cham ber. The presence  of oxygen at the  high synthesis 
tem p e ra tu re s  would oxidise and rem ove th e  CNTs, shown using therm ogravim etric  analysis 
of CNTs in Chapter 6. All experim ents  w ere  left to  cool naturally in dry nitrogen to  below 70° 
C before th e  sample was rem oved from th e  tu b e  furnace cham ber.
Chemical oxidation (functionalisation) was carried out by mixing 100 mg of th e  hybrid 
material (FeNP-MWCNT) with 25 mL of concentra ted  nitric acid (70%), HNO3 , in a round 
bo ttom ed  flask. The flask was hea ted  in an oil bath to  80° C for 6 hours, with a tem p e ra tu re  
feedback loop and reflux column attached . The mixture was th en  diluted with 250 mL of
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deionized w ater, before  vacuum filtration of th e  material. The resulting solid was w ashed 
with m ore deionized w a te r  until th e  pH neutral was indicated (litmus paper  te s t  used). The 
solid was subsequently  dried at 120° C for 1 hour, to  drive off residual w ater. The harsh 
acidic conditions used can chemically functionalise sp^ hybridised carbon materials; by 
applying this process to  the  magnetic iron nanoparticles, the  graphitic carbon shell is 
expected to  react in th e  sam e way as th e  MWCNTs and be chemically functionalised a t th e  
surface. In o rder  for th e  magnetic particles to  survive, th e  carbon shell surrounding them  
m ust be m aintained. This can only occur if th e  shell is graphitic, as am orphous  carbon will be 
rem oved by th e  chemical functionalisation process. This highlights th e  im portance  of the  
com pound used, as it has shown to  produce m agnetic iron nanoparticles with a highly 
graphitic carbon shell after processing (Figure 4 -llB ).
4.2.4. Synthesis M echanism
The synthesis mechanism of nanoparticle form ation and subsequen t  encapsulation with a 
carbon shell is similar to  th e  form ation of carbon nanotubes . A modified growth mechanism  
is described from th e  work of Moisala et al}^.
The precursor breaks down into small species, such as free  carbon and carbon radicals, so 
th a t  a mechanism can be proposed  for th e  formation of encapsulated  nanoparticles (see 
Figure 4-1). The mechanism follows th e  steps outlined by Moisala e t al. for SWCNT 
synthesis using nickel acetylacetonate^^. The precursor (1) decom poses  into a metal vapour
(2), which coalesces into nanoparticles (3). Carbon-containing groups are broken down (4) 
and dissolution of carbon into th e  nanoparticle occurs (5), until th e  tem p e ra tu re -d e p e n d e n t  
saturation point is reached (6), or th e  carbon source is rem oved. Carbon starts  to  exude 
from the  nanoparticle  (7) and, as th e  material is cooled, th e  nanoparticle is encapsu lated  by 
a carbonaceous layer (8).
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IFigure 4-3: 1) Iron precursor ((CsH5)2Fe2(CO)4) (blue) decom poses to  form 2) Iron vapour (light green); 
Agglomeration occurs, to  form 3) Iron nanoparticles. 4) carbon-containing groups are broken down on 
surface leading to  free carbon th a t 5) adsorbs in to  iron nanoparticle forming iron carbide species (indicated 
by darker green) and 6) becomes saturated . Upon cooling 7) the  trapped carbon diffuses to  the  surface 
forming separate iron (light green) and carbon (black) phases, 8) as carbon deposits build up on the  surface 
the nanoparticle is completely encapsulated.
As carbon is absorbed  in to  th e  Fe-NP at th e  higher tem p e ra tu re  during th e  process, carbon- 
containing iron phases are produced: these  are aus ten tite  (y-Fe) and cem entite  (FegC). An 
iron phase of ferrite (a-Fe) and a separa te  carbon layer are therm odynam ically  favorable, 
when com pared  to  y-Fe and FegC, a t  room tem perature^^. This supports  the  p roposed  
model in Figure 4-3, th a t  th e  carbon is exuded upon cooling.
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The graphitisation of the  carbon shell differs be tw een  samples, with both a poor degree 
(Figure 4-10) and a high degree  of graphitisation (Figure 4 - l lB )  having been  seen. As 
described in (Figure 4-3), the  carbon is exuded from th e  nanoparticle upon cooling, which 
helps to  shed light on th e  reason why graphitisation differs. W hen th e  nanoparticles are 
synthesized at low tem pera tu re s ,  carbon arrives and is condensed  on th e  surface of the  
nanoparticle. There is not sufficient energy to  cause carbon to  migrate and form an iron 
carbide phase. Instead, carbon sticks to  th e  surface and remains as an am orphous  carbon 
layer, similar to  th e  way in which am orphous  carbon is form ed during CNT synthesis. The 
graphitization of th e  carbon shell will be discussed fu rther  in Section 4.6.1.
4.3. Acid Dissolution Test
The resultant hybrid material was found to  be magnetic, both as a solid and in solution. In 
o rder  to  de te rm ine  if the  magnetic material was p ro tec ted , it was soaked in concen tra ted  
hydrochloric acid (HCI(aq)). Any particles th a t  w ere  not sufficiently p ro tec ted  would be 
dissolved and th e  tell-tale gas bubbles w ere  observed. HCI(aq) was chosen for tw o reasons; 1) 
because it is a fully dissociated acid th a t  is readily available and 2) because it will not oxidise 
the  protective carbon shell or th e  MWCNTs.
As both am orphous  and graphitized carbon coatings are  p resen t in th e  material, we can also 
de te rm ine  which of th e  tw o is m ore effective in protecting the  inner iron rich nanoparticle. 
HCI(aq) can dissolve pure iron and iron oxide, both of which, as already explained, have been 
shown to  be p resen t in Figure 4-9. The chemical routes for the  dissolution of th ese  materials 
in HCI(aq) form iron chloride (green in water), as described by th e  chemical reactions in 
Equation 4-1.
Fe + 2 HCI FeCl2 + H2
Equation 4-1
Fe2Û3 + Fe + 6 HCI 3 FeCb + 3 H2O 
Iron(ll) chloride would slowly oxidise to  form iron(lll) chloride in th e  presence  of air, and th e  
initial green colour in solution would turn  yellow. Resistance to  an external env ironm ent is 
required for medical applications, such as cancer treatment^^. A fraction of th e  hybrid 
material was added  to  2M HCI(aq) for 24 hours and then  filtered, before being w ashed  with 
w a te r  and re-dispersed in m ethanol. To determ ine  if th e  synthesis t e m p e ra tu re  had an
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effect on th e  shielding ability, th e  acid te s t  was carried ou t on samples produced at low 
(250° C) and high (1000° C) tem pera tu re s .  T em pera tu res  below 250° C have not, so far, 
produced pro tec ted  nanoparticles using a one-s tep  synthesis m ethod.
Figure 4-4: Pictures displaying a) the  magnetic nature of the  hybrid as a solid material, b) a mixture of the 
hybrid in w ater after exposure to  acid and c) the  same hybrid/w ater mixture after magnetic particles have 
pulled out of suspension with a m agnet. Results show th a t magnetic particles are still present and can be 
removed from solution after, indicating th a t the  magnetic particles are protected by the  carbon coating.
Figure 4-4A shows th a t  the  hybrid material is magnetic and remains so after  acid soaking 
(Figure 4-4C), indicating th a t  a significant num ber of nanoparticles are well p ro tec ted  from 
acid dissolution. During th e  acid t re a tm e n t  process, th e  materials synthesized at low 
tem p e ra tu re  gained a slight green colour (indicative of the  form ation of iron(ll) chloride), 
whilst th e  high te m p e ra tu re  analogue stayed clear. This indicates th a t  high tem p e ra tu re  
synthesis conditions result in a m ore efficient protection for iron nanoparticles from HCI(aq).
4.3.1. STEM Analysis of Acid T reated  Sam ples
Magnetic particles have qualitatively shown to survive acid attack by removing th e  hybrid 
particles from solution with a m agnet. STEM analysis was carried ou t to  confirm the  
p resence  of th e  magnetic iron nanoparticles after  soaking in acid (Figure 4-5). Iron 
nanoparticles are indicated by th e  areas of high contras t in Figure 4-5B. The presence  of the
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nanoparticles proves th a t  successful protection of th e  nanoparticles has been achieved 
using th e  carbon shell th a t  forms during nanoparticle synthesis.
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Figure 4-5: NP-MWCNT hybrid material after soaking in HCI(aq) imaged by STEM in A) secondary electron (SB) 
mode, showing the  CNT hybrid suspended on a holey carbon grid and B) the sam e area of th e  sam ple in ZC 
imaging m ode, depicting the  positions of the  iron nanoparticles on the  CNT network.
There are a num ber  of iron particles still p resen t after acid t re a tm e n t ,  m ost comm only in 
areas w here  tw o or m ore nano tubes  cross over one  ano ther . These cross over points may 
be nucléation sites for nanoparticle  form ation. With this in mind, th e  n ano tubes  can be 
though t of as a scaffold on which th e  nanoparticles can form. Synthesis of th e  nanoparticles 
may be achieved on o th e r  scaffold like structures, such as ceramics. However this study 
combines th e  m agnetic properties  of th e  nanoparticles and th e  inherent p roperties  of th e  
nano tubes  and has there fo re  focused on nano tubes  as scaffold materials.
Num erous em pty  shells are p resen t (Figure 4-6A), m eaning th a t  not all nanoparticles w ere  
sufficiently pro tec ted  by th e  carbon shell. It appears  th a t  smaller particles are  m ore  likely to 
be pro tec ted  from acid dissolution as th e  em pty  shells have larger d iam eters  than  th e  still 
p resen t nanoparticles. It is hypothesised tha t ,  in larger particles, th e  exuded carbon does 
not form one  continuous graphitic shell but instead forms a polycrystalline coating which 
will have m ore  defects, leading to  easier attack by acid. Conversely, in smaller particles, th e  
finite am oun t  of carbon p resen t does form a continuous layer over th e  en tire  particle, 
completely protecting th e  iron from th e  acid. The thickness of th e  carbon shell appears  to
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be similar for all sizes of iron nanoparticle, which indicates th a t  carbon absorption in th e  
iron particles is not uniform through th e  nanoparticle but instead is only possible at the  
surface, much in th e  sam e way th a t  carbon adsorption is seen in carbon nano tube  
synthesis^^. From this information it can be deduced  th a t  th e  larger the  nanoparticle gets 
(the longer nanoparticle  propagation is allowed to  continue) th e  lower th e  chance th a t  the  
particle will be fully pro tec ted  and able to  withstand acid t re a tm e n t .
Figure 4-6 shows STEM images of an acid t rea ted  sample, which although retaining som e 
magnetic particles (white arrows in Figure 4-6B) exhibit m any em pty  shells (black arrows in 
Figure 4-6A), showing th a t  the  large num ber  of nanoparticles have been dissolved as they  
w ere  not fully p ro tec ted . As hydrochloric acid is not oxidative, th e  carbon shells are left 
intact. The high synthesis t e m p e ra tu re  of this sam ple (1000° C) is though t  to  improve 
protection due  to  higher graphitisation of th e  carbon shell but the  larger nanoparticles 
appear  to  be poorly protected .
B
100 nm
Figure 4-6: FeNP-MWCNT nanohybrid synthesised at 1000° C after acid trea tm en t using A] TE and (black 
arrows indicate em pty shells) B) ZC detectors (white arrows indicate remaining iron nanoparticles). Empty 
carbon shells are apparent as a result of the  acid trea tm en t step dissolving the  inner iron particles.
4.4. The Effect of th e  Synthesis T em p era tu re  on Protective Ability
As a general rule, samples synthesised at higher tem p e ra tu re s  appeared  to  be m ore 
magnetic after acid t re a tm e n t  than  the  samples synthesised at low tem p era tu re s .  This was 
qualitatively assessed by th e  tim e it took  to  rem ove th e  hybrid particles from solution after 
acid t re a tm e n t  and th e  transparency  of th e  solution. As s ta ted  previously, th e  observation
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of a green discolouration was m ade  for acid t re a te d  samples synthesised a t low 
tem p era tu re s ,  indicating th a t  a significant am o u n t  of iron has been  dissolved and form ed 
th e  green solute, iron(ll) chloride, which is no t magnetic  and is rem oved during th e  washing 
process. W hen placing a m agnet next to  a vial of th e  solid hybrid suspended  in m ethanol, 
th e  samples synthesised a t  higher tem p e ra tu re s  would be rem oved from suspension much 
quicker than  th o se  synthesised at lower tem pera tu re s .  This supports  th e  observed  colour 
change and is crude proof th a t  m ore nanoparticles synthesized a t  low te m p e ra tu re  w ere  
dissolved in th e  HCI(aq) soaking procedure , as a result o f  less protection a round th e  
nanoparticles. Figure 4-7 depicts STEM images of  th e  hybrid synthesised a t  th e  lowest 
te m p e ra tu re  te s te d  (250° C), a fter  acid t rea tm en t.
i
''
%
Figure 4-7: a) SE and b) TE image of FeNP-MWCNT nanohybrid synthesised a t 250°C after acid trea tm en t, 
displaying very few  iron nanoparticles.
W hen comparing Figure 4-6 and Figure 4-7 w e observe th a t  th e  nanohybrid synthesised a t  a 
lower tem p e ra tu re  resulted in poor protection of th e  iron-rich nanoparticles, leading to  
dissolution in acidic media. The synthesis t e m p e ra tu re  is the re fo re  im portan t  in th e  
protection of th e  nanoparticle  to  both increase th e  degree  to  which th e  carbon is 
graphitised by adsorption and subsequen t  extrusion of graphitic shells from  th e  
nanoparticle.
The particle size was m easured  by taking th e  largest distance through  th e  particle from 
STEM images obtained  in Z-contrast m ode. The size varies significantly, in all sam ples, from
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a few nanom eters  to  over 300 nm in d iam eter. In Figure 4-5B th e  majority of particles are 
be tw een  10-40 nm, with th e  smallest being less than  lOnm and th e  largest above 90nm. 
Iron particles s tart to  form from a few  atom s, as th e  precursor s tarts  to  decom pose, 
followed by migration and nucléation to  form larger particles, th rough coagulation as well as 
through Ostwald ripening. The higher synthesis tem p e ra tu re s  result in easier migration, 
leading to  bigger particles. The particles find anchoring sites, such as defects in MWCNTs or 
w here  tw o MWCNTs cross over. Particles have a uniform coating of carbon, suggesting th a t  
this s tep  occurs after  the  nanoparticle has been synthesized, i.e. carbon is exuded from the  
nanoparticle in th e  cooling process. This confirms th e  m echanism proposed  in Figure 4-3.
4.5. Temperature Dependence on Nanoparticle Size
As suggested above, higher synthesis tem p e ra tu re s  are expected to  produce larger 
nanoparticles due  to  th e  increased coagulation and Ostwald ripening. Hybrid samples 
synthesised over a range of tem p e ra tu re s  w ere  analysed by STEM using a HAADF detec tor. 
From the  images collected, th e  d iam eters  of 100 nanoparticles w ere  m easured  for each 
synthesis t e m p e ra tu re  (Figure 4-8).
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Figure 4-8: Histograms showing the  size distribution of nanoparticles synthesised over a range of 
tem peratures; 250° C, 550° C, 1000° C and 1200° C. The histograms show th a t smaller nanoparticles are 
synthesised a t lower tem peratures and the spread of sizes increases with tem perature.
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Results confirm th e  hypothesis th a t  nanoparticles are larger with increased synthesis 
tem p era tu re .  The protective ability of th e  carbon shell is increased at higher synthesis 
tem p e ra tu re s  because  th e  nanoparticles becom e catalytically active and can graphitise th e  
carbon present. But larger nanoparticles are  not as likely to  exhibit a continuous graphitic 
shell, instead favouring multiple planes, this could decrease  th e  efficiency of th e  shell to  
p ro tec t th e  nanoparticle, by providing gaps for acid attack. Therefore, th e re  is an optim um  
synthesis tem p e ra tu re  for maximum protection against acid dissolution, whilst maintaining 
relatively small nanoparticles sizes. Synthesis tem p e ra tu re s  of 1000° C result in 
nanoparticles with a 30% larger d iam ete r  than  th o se  synthesised at 250° C, and only 
produce a few  particles over 100 nm in diam eter, whilst providing a large am oun t  of energy 
th a t  leads to  m any nanoparticles having graphitised shells, increasing the  num ber  of 
nanoparticles th a t  are resistant to  acid dissolution. Therefore, synthesis tem p e ra tu re s  of 
1000° C w ere  taken to  be optimal, but a m ore  com prehensive s tudy of synthesis 
tem p e ra tu re  should be carried out.
4.6. Nanoparticle Composition
Iron
Oxygen
Carbon
S i « •
Figure 4-9: a) a single nanoparticle attached to  a MWCNT synthesized a t 1200“ C, showing th e  line across 
which Electron Energy-Loss spectra w ere acquired, to  m easure the  carbon (C), oxygen (O) and iron (Fe) 
relative composition within th e  nanoparticle, b) The relative intensity of th e  C, O and Fe signals across the  
shell shows th a t the  core of the  particle is iron rich, with an iron oxide shell which in tu rn  is surrounded by a 
carbon coating. The small difference in peak maxima position for O and C confirm separate  shells are 
present. The discontinuities in the  spectra are related to  errors in the  spatial drift corrections during 
Electron Energy-Loss Spectroscopy (EELS) (indicated by the  arrows).
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The composition of the  iron-rich nanoparticles synthesized at 1200° C has been investigated 
by Electron Energy-Loss Spectroscopy (EELS), which can analyse th e  e lem ental composition 
of a single nanoparticle with sub -nanom etre  spatial resolution. The elem ental profile in 
Figure 4-9B across th e  nanostruc tu re  indicates th a t  th e  nanoparticle is predom inantly  m ade 
of iron, comprising of an iron rich core of abou t 50 nm diam eter. It can be deduced  th a t  the  
iron precursor decom poses  to  form mainly metallic iron particles and th a t  th e  nitrogen gas 
used in synthesis avoids significant oxidation. According to  th e  e lem ental profile in Figure 
4-9B th e  oxygen concentration is highest at th e  edges of th e  nanoparticle  and, w hen 
translating this 2-dimension plot on to  th e  quasi 3-dimensional nanoparticle, this in reality is 
a thin iron oxide shell, approximately 5 nm in thickness. Oxygen is p resen t in th e  synthesis 
process as carbonyl groups from th e  organometallic com pound break down, and can cause 
partial oxidation of th e  nanoparticles. However, a m ore  likely cause of oxidation is after the  
synthesis procedure  w hen exposed to  air. It is possible th a t  oxygen can p en e tra te  the  
carbonaceous barrier to  th e  nanoparticle and cause partial oxidation of th e  nanoparticle, 
which then  acts as a sacrificial barrier to  oxidation of the  entire  particle.
4.6.1. Graphitisation of the Carbon Sheil
i m a m
Graphitic carbon
Ironoxida
Amorphous carbon
Nanotuba waits
w i M -
t  Defective Graphitic 
V carbon planes
Figure 4-10: A) High resolution STEM image in TE m ode of single iron rich nanoparticle attached to  a 
MWCNT (synthesized at 1200“ C) with an iron-oxide (5 nm), am orphous carbon (6 nm) shells, am orphous 
carbon also provides the  binding to  the  MWCNT. B) Inset of the  sam e image showing defective graphitic 
carbon planes.
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The large peak o f  carbon a t th e  periphery o f  th e  nanoparticle  in Figure 4 -9B proves th a t  it is 
coated  in a carbon layer. From this image and th e  e lem ental profile th e  s truc ture  (w hether 
th e  carbon is p resen t  as an am orphous  layer o r  graphitic walls) canno t be deduced. 
However, in transmission imaging m ode  (TE) an idea o f  th e  degree  of graphitisation can be 
deduced  from th e  o rdered  na tu re  of th e  sample.
In Figure 4-10, th e  nanoparticle  appears  to  be a ttached  to  th e  carbon nano tube  using 
am orphous  carbon as "molecular glue". In this example, th e  carbon layer is predom inantly  
am orphous, but does  have som e graphitic areas. The carbon supports  th e  a t ta ch m e n t  to  th e  
MWCNT and is shown to  encapsulate  th e  iron-rich nanoparticle.
The carbon shell can be p resen t as an am orphous coating or  as graphitic layers, depending  
on th e  tem p e ra tu re  in th e  cham ber  w hen th e  internal carbon source is broken down. At low 
tem p e ra tu re s  th e  carbon source is broken down but no t adsorbed  by th e  form ed iron 
nanoparticles and rem ains as an am orphous  layer. However, a t  higher tem p e ra tu re s  carbon 
is broken down on th e  catalyst surface, adsorbed  to  form an iron carbide phase, and 
subsequently  exuded as graphitic sheets , this m echanism  is very similar to  th a t  of CNT 
growth, reviewed in Chapter 2. Although this is fu rther  complicated by graphitisation a t  low 
synthesis tem pera tu re s ,  seen  in Figure 4-1 lA, suggesting th a t  a lower energy pa thw ay is 
available for carbon graphitisation using this com pound. It is hypothesised th a t  th e  presence  
of iron oxide is key to  this catalysis route.
The difference be tw een  forming pro tec ted  particles and carbon nano tubes  is th e  am o u n t  of 
carbon supplied during this step. The only carbon source p resen t  and available for reaction 
in th e  given example is from th e  carbonaceous groups in th e  organometallic precursor; 
therefore , a small and finite a m oun t  of carbon is p resen t  and only offers a thin protective 
layer. In CNT growth, an external carbon source (normally a hydrocarbon such as m eth an e  
or acetylene) is used to  supply additional carbon, which leads to  CNT growth. In much th e  
sam e way th a t  th e  synthesis te m p e ra tu re  affects th e  nano tube  quality, th e  te m p e ra tu re  
used in nanoparticle synthesis has an effect on th e  s tructure  of th e  carbon coating. As th e  
nanoparticles have been grown on pre-produced carbon nano tubes , th e  quality o f  th e  
carbon coating cannot be analysed by Raman spectroscopy. However, th e  deg ree  to  which
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graphitisation can occur is outlined below with tw o samples, synthesised a t different 
tem pera tu res .
Iron oxide
No iron oxide
... .....
Figure 4-11: a) Encapsulating shells of Iron oxide (arrowed) and graphitic carbon (synthesized at 250“C) and 
b) encapsulating shells of graphitic carbon with no Iron oxide layer (synthesized at 1200“C).
Many particles imaged by STEM show th a t  th e  protective carbon shell is conformai with the  
surface of th e  nanoparticle, m eaning th a t  it is a result of nanoparticle synthesis and not an 
accidental overlap of the  NP with the  walls of a near-by carbon nanotube. To graphitize at 
relatively low tem p era tu re ,  th e  nanoparticle m ust act as a catalyst for this transform ation . 
Iron oxide nanoparticles have been shown to  be catalytically active at te m p e ra tu re s  as low 
as 110°C^^ and it is there fo re  feasible th a t  the  nanoparticles can act as a catalyst for 
graphitizing carbon, provided a suitable carbon source is also available at this tem p e ra tu re .  
This last s ta te m e n t  em phasises th e  presence of a suitable carbon source, which can break 
down in to  free  carbon and hydrogen (in th e  case of th e  cyclopentadienyl groups p resen t  in 
th e  com pound) on th e  nanoparticle surface and subsequently  be absorbed, this is th e  case 
for th e  precursor studied.
4.6.2. The Presence of the Iron Oxide Layer
An iron oxide shell has been shown to  be present in Fe-NPs synthesised at both high (Figure 
4-10) and low (Figure 4 - l lA )  tem pera tu res .  The iron oxide shell is only p resen t in som e NPs, 
with less iron oxide seen at higher synthesis tem pera tu res .  The presence of iron oxide can
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be described with tw o com peting  explanations: as a result of  oxygen from th e  precursor or 
oxidation in air a fter  synthesis.
There is appreciable oxygen con ten t  from th e  CO ligands (four oxygen a tom s per  molecule) 
th a t  could lead to  th e  oxidation o f  synthesised nanoparticles, depend ing  on the  
decomposition mechanism of th ese  groups. The disproportionation reaction of carbon 
monoxide has been  shown to  form CNTs and onion-like particles^^, m eaning th a t  free  
carbon and free  oxygen are  p resen t in th e  system. At high tem p era tu re s ,  th e se  oxygen 
containing groups do not lead to  as m any nanoparticles containing iron oxide. At an 
increased tem p e ra tu re ,  th e  carbonyl groups are m ore  likely to  be rem oved from th e  system, 
preventing oxidation of th e  iron nanoparticles.
At low te m p e ra tu re  th e  system does not have enough energy to  initiate this process and 
the re fo re  th e  oxide remains. If this w ere  th e  only m echanism  of iron oxide form ation, th e  
carbon adsorbed  by th e  particle would be exuded after  oxidation had occurred. 
Subsequently, th e  carbon layer would remain as an am orphous  coating. However, particles 
with graphitic shells and iron oxide surrounding th e  Fe-NP have been  also observed  a t th ese  
low tem p e ra tu re s  (Figure 4 - l lB ) .  Therefore, th e  oxidation of th e  Fe-NP by th e  oxygen 
contained in th e  precursor is no t th e  only mechanism.
Another potential explanation is th a t  oxidation occurs after  nanoparticle  form ation. This 
could be explained by a poorly graphitised carbon shell surrounding th e  Fe-NP or as a result 
of th e  nanoparticle  being to o  big for th e  carbon shell to  form a continuous coating. The 
nanoparticle  is subject to  oxidative attack, leading to  an iron oxide layer surrounding th e  
iron rich centre. In this explanation, am orphous carbon with a thickness of 6nm (Figure 
4-10) does  not sufficiently p ro tec t  th e  nanoparticle from oxidation. Similarly, th e  graphitized 
layer seen in Figure 4-1 lA  is not sufficient to  p ro tec t th e  encapsulated  nanoparticle  from 
oxidation. One a rgum ent against this oxidation m echanism  is th a t  th e  carbon shell would 
have to  change shape  in o rder  to  accom m odate  th e  extra volume required for th e  form ation 
of iron oxide.
96
Graphitization of  th e  carbon layer is seen  for both low and high te m p e ra tu re  synthesis 
(Figure 4-1 lA  and Figure 4 - l lB ) .  Carbon will be absorbed  and subsequently  exuded from 
th e  nanoparticle as graphitic layers if enough energy is p resen t to  overcom e th e  energy 
barrier associated with th e  phase transform ation . At low tem pera tu re s ,  an iron oxide layer 
provides an alternative low energy pa thw ay for graphitisation and analysis of th e  produced 
graphitic layers appears  to  show  a highly defective structure . At higher synthesis 
tem p era tu re s ,  metallic iron nanoparticles catalyse graphitic shell form ation will less 
defective structure , appearing as a continuous sheet .  It can be deduced  th a t  higher 
tem p e ra tu re  synthesis leads to  a higher pe rcen tage  of th e  nanoparticles form ed having a 
graphitic shell capable of protecting th e  encapsulated  particles from acid dissolution.
Flowever, a recen t paper  studying CNT synthesis in situ (via TEM) confirmed th a t  iron oxide 
nanoparticles m ust be reduced to  iron carbide (FegC) before  CNT growth is possible; a fter  
th e  carbon is exuded as graphitic sheets , a metallic iron particle remains. Therefore, iron 
oxide could cause graphitisation but would not be p resen t  as iron oxide after  synthesis, 
casting d oub t  on th e  mechanism proposed  above.
An alternative discussion for th e  p resence  o f  graphitic s truc tures  encapsulating iron oxide- 
iron nanoparticles is th a t  oxide form ation occurs after  graphitisation. This a rgum en t is 
justified by th e  highly defective graphitic carbon shells allowing th e  o u te r  surface o f  th e  iron 
nanoparticles to  oxidise in air upon removal of th e  sam ple  from th e  synthesis cham ber. This 
does not occur at high tem p e ra tu re s  because  o f  th e  continuous graphitic coating protecting 
th e  internal nanoparticle. However this mechanism, would suggest th a t  iron nanoparticles 
are  catalytically active at tem p e ra tu re s  as low as 250° C. Further evidence to  question this 
mechanism  is tha t ,  if iron w ere  to  oxidise after  synthesis, th e  volume of th e  nanoparticle  
would increase due  to  iron oxide formation. This would require th e  carbon shell to  expand, 
which seem s unlikely. Although if many graphitic planes are seen, ra the r  th an  one  
continuous sheet, this may be possible but would leave areas  of th e  nanoparticle  surface 
completely unpro tec ted .
To summ arise, iron nanoparticles have been synthesised and a ttached  to  carbon nano tubes . 
The nanoparticles exhibit an encapsulating carbon shell, which has been shown to  vary in
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graphitic conten t,  depending  on synthesis tem p era tu re .  Graphitic planes have been 
synthesised a t  low reaction tem p e ra tu re s  (250° C). The stage a t which iron oxide formation 
occurs has been  discussed, it is suggested  th a t  iron oxide is a result of post-synthesis 
oxidation and can occur w hen  th e  carbon shell does not provide sufficient protection to  the  
internal iron nanoparticle.
A mechanism was proposed by W eatherup  et al. has shown a low te m p e ra tu re  synthesis 
rou te  for graphitic s tructures (in this case for g raphene  synthesis)^^ This m echanism  has 
been  applied to  this research to  shed  light on th e  production o f  graphitic carbon 
encapsulated  nanoparticles a t  low tem pera tu re s .  According to  th e  iron-carbon phase 
diagram, iron and carbon can alloy, with carbon pene tra ting  th e  sub-surface to  form iron 
carbide, th e  highest concentration of which is a t  th e  surface. Such nanoparticles containing 
a metal carbide phase have been  shown to  provide a low energy pa thw ay for carbon 
nano tube  formation^^ In this instance, th e  necessary carbon source is no t p resen t  to  
synthesize nano tubes , instead only a small am o u n t  of carbon is p resen t  from th e  
decomposition o f  th e  precursor. Upon cooling, th e  carbon is exuded from th e  nanoparticle  
and form s separa te  phases of iron and graphitic carbon phases. All synthesis procedures  
used in this chap ter  w ere  conducted  a t  a tm ospheric  pressure  and resulted in carbon shells 
(with varying degrees  of graphitisation) encapsulating th e  catalytic iron nanoparticles, using 
organometallic com pounds with no external carbon source. A similar decom position study, 
using ferrocene, was undertaken  and variation of both synthesis te m p e ra tu re  and pressure; 
it was found th a t  novel symmetrical encapsulating nanostruc tu res  could be formed^^.
4.7. Rhodamine Adsorption
A portion of th e  m agnetic nanohybrid was exposed to  a weak  solution o f  rhodam ine dye, 
and within m inutes th e  solution underw en t a colour change from pink to  clear. The 
rhodam ine was adsorbed  by th e  nano tubes  through a variety o f  m olecular interactions 
including arom atic stacking of th e  sp^ hybridised carbon. This is a result of electron p-orbital 
overlap be tw een  th e  nano tube  and th e  arom atic ring of th e  dye molecule^®. For arom atic  
stacking be tw een  th e  dye and CNTs to  occur th e re  m ust be low levels of a m orphous  carbon 
contam ination present. This is a particular benefit of  th e  synthesis conditions, as th e  high
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tem p e ra tu re s  used m eans th a t  th e  am orphous carbon is effectively cleaned from the  
sample, even in a non-oxidative environm ent, which has been shown through various TGA 
studies of CNTs^^'^^. The synthesis tem p e ra tu re  will also have an effect on th e  final am oun t  
of am orphous carbon present, w here  with low tem p e ra tu re s  th e  am orphous carbon will not 
be burnt off, th ere fo re  higher synthesis tem p e ra tu re s  are expected to  yield material with 
b e tte r  adsorption potential.
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Figure 4-12: A) The structure of rhodam ine and B) SEM image of iron nanohybrid material after exposure to  
rhodamine solution, showing th a t rhodam ine is adsorbed by th e  hybrid and crystallises on the surface.
It can be seen from Figure 4-12 th a t  the  rhodam ine dye (now seen in th e  solid form of 
crystallographic sheets) has been adsorbed  on to  th e  surface of th e  nanohybrid material, 
effectively removing it from w ater, in a w a te r  purification process.
Flat sheets  at th e  edges of large hybrid networks are  expected to  form during th e  drying 
process, ra ther  than  being an indication th a t  rhoadam ine adsorption only occurs on the  
ou te r  surface of th ese  particles. The CNT hybrid forms larger particles due  to  th e  bundling of 
CNTs and nanoparticles forming at cross over points be tw een  CNTs, effectively "welding" 
them  together. These larger particles are expected to  be loose networks and although 
hydrophobic (just as pure CNTs) are still expected to  be porous. The limiting fac tor for 
adsorption of the  particles is expected to  be am orphous  carbon content, which would cover 
th e  CNTs and lessen arom atic stacking. Functionalisation of the  hybrid is also th o u g h t  to
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reduce to  potential for adsorption because  th e  addition of functional groups rem oves som e 
of th e  sp^ hybridised carbon structure , the re fo re  reducing th e  num ber  o f  sites for 
adsorption to  occur.
A low am orphous  carbon con ten t  can be achieved by synthesising th e  hybrid a t  a high 
tem p era tu re s ,  which has shown to  result in a higher deg ree  o f  graphitisation. Figure 4 - l lB .  
TGA data  in chap ter  6 also confirms th a t  am orphous carbon can be rem oved in inert 
environm ents a t  th e  tem p e ra tu re s  used to  synthesis nanoparticles in this study.
The high surface-to-volume ratio is achieved with all nano tubes , bu t to  increase this ratio 
further, narrow er-d iam eter  nano tubes  could be used in th e  fu ture, for instance double­
walled CNTs. This, however, does  provide dispersion problems, as DWCNTs are  m ore  likely 
to  form bundles w hen com pared  to  MWCNTs and th e  addition of surfactants  to  help 
dispersion, especially ionic surfactants, should be avoided as decom position products 
remain after  t re a tm e n t  a t  high tem p e ra tu re  (as is shown in Chapter 6 with SDBS). The size 
of th e  synthesised nanoparticles can also be controlled to  a certain ex ten t by th e  synthesis 
tem p era tu re ,  as higher tem p e ra tu re s  lead to  bigger nanoparticles. Therefore a balance of a 
good degree  of graphitisation around th e  nanoparticles (achieved with high tem p e ra tu re )  
and a smaller nanoparticle size (achieved with low tem p ertu re )  m ust be obtained .
4.7.1. Ultra-violet/Visible Spectroscopy
To quantitatively de te rm ine  th e  am o u n t  of rhodam ine dye th e  hybrid could adsorb . Ultra­
violet/visible (UV/vis) spectroscopy was carried out. Firstly a calibration curve was ob tained  
by measuring known concentrations of th e  rhodam ine dye solution and m easuring th e  
absorbance  (as shown in Figure 4-13). This was carried ou t  for solutions in th e  concentra tion  
range be tw een  1 and 10 x lO'^mol dm'^.
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Figure 4-13: UV/vis spectroscopy results displaying the  absorbance m easured for known Rhodamine 
concentrations (1-10 x 10^ mol dm'^); from this a line of best fit can be produced and be used as a calibration 
curve.
Once this has been obtained, portions of the  iron nanoparticie-MWCNT hybrid w ere  added 
to  rhodam ine solutions of known concentrations. They w ere  stirred for 5 m inutes and then , 
using a m agnet, th e  hybrid was rem oved from th e  solution. The subsequen t  solution was 
then  analysed by UV/vis to  de te rm ine  th e  concentration of rhodam ine p resen t after  th e  
adsorption experiment.
Rhodamine 
concentration 
(10 ® mol dm ®)
Mass of Hybrid 
added (mg)
UV/vis
Absorbance
Calculated 
Concentration 
(10 ® mol dm ®)
Rhodamine 
Absorbed (10 ® 
mol dm ® mg^)
3 22.8 0.021 ± 0.006 0.71 ±0.20 0.101 ± 0.009
5 22.8 0.032 ±0.009 1.08 ± 0.30 0.172 ±0.013
10 22.7 0.104 ±0.011 3.5 ±0.37 0.286 ± 0.016
Table 4-2: Calculated concentrations of rhodamine B in solution after absorption on to  nano-hybrid material 
and subsequent calculation of absorption potential of the  material.
By knowing th e  am oun t  of hybrid added, the  initial concentration of th e  solution and th e  
m easured  absorbance  after the  hybrid material has been rem oved, it is possible to  calculate 
th e  am oun t of rhodam ine B adsorbed  by the  hybrid material. All m easu rem en ts  w ere
1 0 1
referenced against a w a te r  sample, so th a t  only changes in th e  concentration  of the  
substance  of in terest (rhodam ine B) are m easured . A 10 x 10  ^ mol dm'^ solution shows 
higher rhodam ine adsorption potential w hen com pared  to  5 and 3 x 10^ mol dm'^ solutions; 
this is m ost likely due  to  a higher num ber  of rhodam ine molecules coming in to  contact with 
th e  hybrid material and leading to  th e  occurrence of n-stacking interactions. However, the  
absorbance  m easured  is low and could lead to  a high error in m easu rem en t.  Sonication of 
th e  hybrid material w hen in solution with th e  rhodam ine solution may lead to  higher 
adsorption capacities seen for the  material. This should be explored in fu ture  work. A m ore 
com prehensive study of rhodam ine adsorption should be undertaken  to  de te rm ine  th e  
maximum adsorption capacity of th e  material. Higher quantities of th e  material should be 
m ade  so th a t  this experim ent can be carried out on a larger scale, to  be m ore  confident in 
the  results obtained.
4.8. Functionalisation of Hybrid Material
The formation of a graphitic carbon layer surrounding th e  iron nanoparticles offers the  
potential to  functionalise th e  hybrid, which could be beneficial in o rder  to  ensure  th e  hybrid 
is soluble in a variety of solvents or a ttach ta rge ted  groups for fu ture  applications.
Fourier Transform Infrared (FT-IR) spectroscopy (Nicolet Protégé 460 FTIR 
Spec trophotom eter)  was carried ou t to  confirm th e  p resence  of functional groups. A liquid 
sample of th e  nano tube  solution was drop cast on to  polished GaAs substra tes  and dried to  
rem ove all solvent. FT-IR was carried ou t in transmission m ode, th rough th e  subs tra te  and 
sample, in a dry nitrogen environm ent, at a resolution of 4 cm'^. The spectra w ere  
normalised against a blank GaAs substra te .
Graphitic s truc tures with m ore than  one  layer have tw o infrared active bands, 
corresponding to  th e  out-of-plane (A2u) and th e  in-plane (Eiu) vibrational m odes found at 
868 cm'^ and 1575 c m ' \  respectively.^^ These peaks have been shown to  be in similar 
positions w hen analysing carbon nano tubes  are known to  be very weak, as they  are  a result 
of a bi-layer interaction, meaning th e  vibration is not along a chemically bonded  moiety^^. 
These vibrational m odes will be p resen t for all m easu rem en ts  of carbon nano tubes  (with
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m ore than  one  wall) by FT-IR, how ever o th e r  peaks and th e  background noise can mask the  
presence of th ese  tw o  peaks. The peak seen at 1577 cm  ^ is not a ttr ibu ted  to  this bi-layer 
interaction, but to  a different type of v(C=C) stretch^^. This spectroscopic band is seen for 
C=C groups adjacent to  C=0 bonds, resulting in a dipole m om en t be tw een  th e  tw o carbon 
atom s of th e  double bond. This explains th e  prom inence of th e  peak in th e  spectra, as it is a 
vibrational m ode be tw een  tw o chemically bonded atom s, ra the r  than  a bi-layer interaction.
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Figure 4-14: FT-IR spectrum  of functionalised nano-hybrid material showing the  presence of oxygen 
containing functional groups, proving th a t the material can be functionalised w ithout dissolving all Iron 
nanoparticles (still magnetic after functionalisation process).
The v(C=0) peak seen at 1728 cm'^ in th e  sample is assigned to  th e  presence  of carbonyl 
groups in th e  sample, which is consistent with th e  p resence  of carboxylic acid (-COOH) 
groups. In addition to  carboxylic acid groups, som e oxidative procedures have led to  a 
v(C=0) peak found at approximately 1652 cm‘\  which is assigned to  th e  form ation of 
quinones^®.
The band found at 1421 cm'^ is assigned to  a hydroxide bending vibration, v(O-H)^^; 
fullerenes have also been proposed to  exhibit FT-IR peaks with in this range^^ but are 
expected to  be a small contribution of th e  overall peak. The presence of fullerenes can be 
accounted for as an unw anted  by-product in th e  synthesis of carbon nano tubes . Various 
fullerenes, including but not limited to  Ceo and C70, have their  own distinct peaks and it is 
likely th a t  th e  FT-IR spectra show a combination of them^®. The broad band found at 1180
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cm'^ is expected to  be a carbon-oxygen single bonded  moiety a ttr ibu ted  to  phenol and 
lactone type functional groups^°. Overall, FT-IR has shown characteristic bands of acid 
functionalised carbon nano tubes , indicating th a t  the  oxidation p rocedure  has been 
successful and th e  fact th a t  some m agnetism  remains proves th a t  th e  iron nanoparticles 
w ere  sufficiently p ro tec ted  to  w ithstand harsh acid t re a tm e n t ,  such as th a t  which is used for 
the  functionalisation of carbon nanotubes .
4.9. Electrospinning of Hybrid M aterial
The nano-hybrid material has also been applied to  the  area of electrospinning, in which 
large sheets  of aligned nanofibres can be produced. A requ irem ent to  electrospinning is to 
have a visco-elastic solution, which is ob tained  by dispersing th e  nanom aterial with a 
suitable surfactant, such as sodium dodecylbenzene sulfonate (SDBS) and subsequently  
blending with a polymer such as poly-ethyleneoxide (PEO), giving th e  essential visco-elastic 
properties. This is explained m ore  in Chapter 6, conditions for electrospinning can be found 
in section 6.3, but in both this case and th a t  outlined in Chapter 6, electrospinning in not the  
main focus of project. For this study, electrospinning has been used to  convey a possible 
avenue for fu ture  applications; electrospinning this material can introduce m agnetism  into 
highly aligned nanofibres.
Figure 4-15: Photograph of magnetic electrospun composite material, electrospinning produces a fine sheet 
of aligned nanofibres which are subsequently folded to  form a thicker sheet. The attractive magnetic forces 
(from the  iron nanoparticles attached to the  CNTs within th e  fibre) are sufficient to  overcome th e  mass of 
the fibre.
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We have dem ons tra ted  th a t  th e  iron nanoparticle-MWCNT nano material can be 
successfully dispersed in solution (wrapped by SDBS) and can be applied to  the  
electrospinning process after  blending with a suitable polymer. This processing procedure 
further  indicates th a t  th e  nanoparticles are well a ttached  to  th e  CNTs and supports  the  
covalent a t tach m en t  m echanism proposed in section 4.6.1. The heavy nanoparticles have 
not comprom ised th e  ability for th e  composite  material to  be electrospun. Magnetic 
composite  nanofibres have been  to u te d  as materials for a wide range of applications'^^ from 
"intelligent fibres" for military clothing'^^, magnetic sensors'^^, to  microwave absorption'^^
4.10. Sum m ary
A one-s tep  therm al synthesis m ethod  of producing pro tec ted  m agnetic iron nanoparticles 
a ttached  to  MWCNTs has been  outlined. The relatively low tem p e ra tu re s  used have only 
been reported  in a handful of journals and none which encapsulate  th e  nanoparticle  in 
parallel. One-step simple synthesis and encapsulation negates  the  need  for fu rther  
processing s teps which lead to  longer processing times, increased cost and loss of material.
The nanoparticles are synthesized from th e  decomposition of an iron containing precursor, 
cyclopentadienyliron dicarbonyl dimer [(C5H5)2Fe2(CO)4]. As th e  precursor breaks down, 
radicals are form ed, which aid the  a t tachm en t  of nanoparticles to  th e  carbon nano tubes , to  
form a hybrid material. A m echanism for nanoparticle  form ation has been outlined, 
involving th e  further  decomposition of th e  precursor to  supply both th e  iron forming the  
nanoparticle and carbon forming th e  encapsulating shell.
The nanoparticles are  coated  with carbon th a t  is adsorbed  into th e  iron nanoparticle  and 
subsequently  exuded during the  cooling phase. The effect of tem p e ra tu re  on th e  synthesis 
of nanoparticles has led to  th e  discovery th a t  high tem p e ra tu re  synthesis results in m ore 
graphitic carbon encapsulating th e  nanoparticles, w hereas  at low tem p e ra tu re  th e  coating is 
am orphous. Graphitic carbon has been shown to  be m ore efficient at protecting th e  iron 
nanoparticle from external environments. Effective encapsulation prevents oxidation in air 
and dissolution in aqueous  hydrochloric acid. The ability to  withstand acidic env ironm ents
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could lead to  fu rthe r  functionalisation of th e  material w ithou t altering th e  magnetic 
nanoparticles.
It has been shown th a t  samples synthesised a t  low te m p e ra tu re s  w ere  m ore  prone to  acidic 
dissolution of nanoparticles. Samples synthesised at a lower te m p e ra tu re  have less 
probability of supplying enough energy for nanoparticles to  act as a catalyst for carbon, 
resulting in an am orphous carbon coating, ra the r  than  graphitic. This supports  th e  theory  
th a t  a highly graphitic carbon coating is m ore  efficient in protecting th e  nanoparticle. The 
structure  of th e  oxidized material showing an iron rich core, iron oxide inner shell and 
carbonaceous o u te r  shell had been  verified by an Electron Energy-Loss spectra (EELS) using 
a line scan across a nanoparticle.
By synthesizing pro tec ted  m agnetic nanoparticles on a stable carbon matrix (carbon 
nanotubes), th e  scope for functionalisation and th e  a t tach m en t  of linking m olecules opens 
up new  possibilities of research in th e  fields o f  energy m anagem en t, chemical processing 
and biotechnology. For instance, m agnetic nanoparticles can be used to  draw  th e  material 
to  a ta rge t  site'^^ and for m agnetic fluid hyperthermia'^®. One benefit of  having carbon 
nano tubes  is th a t  th ey  can be filled with a n o th e r  substance, such as a drug, to  provide a 
second m ethod  of t re a tm e n t .  As th e  protective graphitic shell around th e  iron NPs and 
MWCNTs are  essentially th e  sam e material, th ey  can be functionalized in th e  sam e  way. 
Functionalisation of MWCNTs can be carried ou t in a num ber  of ways'^^ and 
functionalisation of th e  m agnetic nanohybrid material was carried ou t  using a chemical 
oxidation m ethod , designed for MWCNTs, using concen tra ted  nitric acid^^ The aim was to  
oxidize th e  o u te r  tu b e  of th e  MWCNTs and th e  o u te r  shell o f  th e  p ro tec ted  iron 
nanoparticles w ithou t removing th e  graphitic coating o f  th e  nanoparticles, which would lead 
to  iron dissolution. The result was th a t  th e  material was m ore  dispersible in polar solvents 
(water, m ethanol)  and m ore  easily dispersed, signifying th a t  carboxyl functional groups have 
been  added. The m agnetism of th e  material did decrease, te s ted  by recording th e  tim e  it 
takes to  rem ove particles from solution before  and after  functionalisation, suggesting th a t  
som e of th e  nanoparticles had been dissolved. STEM indicates th a t  th e se  are  th e  larger 
nanoparticles; th ese  nanoparticles would generally be less well p ro tec ted  by th e  
comparatively small graphitic carbon shell, with m ore  likelihood of  th e  shell being
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incom plete or defective, leading to  easier oxidative a ttack by th e  acid. These nanoparticles 
are also less well a ttached  to  th e  CNTs and som e exhibit an oxide shell. This m eans th a t  th e  
oxidative attack can be used to  rem ove u nw an ted /uns tab le  m agnetic particles, leaving 
behind a significant num ber  of well p ro tec ted , m ore  size-uniform nanoparticles. Careful 
control of synthesis conditions to  produce smaller nanoparticle  sizes may be im portan t in 
th e  protective ability of th e  carbon shell, as th e re  is less chance of defects  occurring (sites 
w here  oxidative a ttack could initiate). Nevertheless, th e  material still m aintained som e 
magnetic properties  and could be pulled ou t of solution using a m agnet. Attaching selective 
groups to  th ese  functional sites could lead to  th e  material scavenging harmful substances  in 
an o th e r  medium and being drawn ou t  by taking advantage  of th e  materials magnetic 
nature; this could be useful in oil cap tu re  and environm ental pollution. The hybrid material 
has also been  electrospun to  form a light weight com posite  of aligned CNTs th a t  can be 
m anipulated with a m agnet. Producing high surface area  solids like this could help to  
overcom e th e  hurdles of nanoparticle  contam ination for fu ture  applications.
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5 Synthesis of Vertically Aligned Single and few-walled Carbon Nanotubes
5.1. Outline
Many methods for the  synthesis of vertically-aligned carbon nanotubes involve the  deposition 
of a num ber of substrate  layers and a thin film of catalyst, followed by catalyst annealing to 
obtain the  correct catalyst nanoparticle size. In the  following m ethod, high quality vertically- 
aligned carbon nanotubes with single and few walls have been synthesised by drop casting a 
catalyst precursor directly on to  a silicon substrate. The process negates th e  need for time 
consuming and costly deposition of substrate  catalyst layers. The quality of nanotubes 
produced has been particularly high, in some cases with the  calculated I d / Ig  ratio being as low 
as 0.073, which can be compared to some of the  highest quality nanotubes produced by a 
chemical vapour deposition (CVD) technique^”  ^ and purification techniques'^®. Patterned CNT 
arrays have been grown through a straightforward stamping procedure, negating the  need for 
time consuming photolithographic and catalyst sputtering sample preparation steps. Patterned 
arrays of high quality CNTs will be useful for applications in CNT based electronic devices where 
positioning and quality of the  CNTs are of the  upmost importance.
5.2. Synthesis M ethod
The proposed synthesis route utilises a cold wall CVD m ethod, with infrared lamps used as a 
photo-thermal (PT) heat source, known as PT-CVD®" .^ This m ethod reduces the  substra te  
tem pera tu re  in the  growth process and can be beneficial in future work when incorporating 
CNT growth on to  electronic devices®. In this project, th e  organometallic compound used for 
magnetic nanoparticle decoration in Chapter 4, cyclopentadienyl iron dicarbonyl dimer 
[(C5H5)2Fe2(CO)4], has been used as a precursor to  produce catalytically active iron 
nanoparticles. The compound was dissolved in benzene to  a concentration of 0.1 mol dm ®. The 
compound is insoluble in o ther  solvents, such as water and alcohols and, although partially
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soluble in acetone, these  samples did not produce high quality CNTs. The solution was drop cast 
on to  a silicon substra te  and subsequently heated  on a hot plate (100° C) to  evaporate  the  
solvent, leaving th e  re-crystallized substance on the  substrate. Samples were then  introduced in 
to  the  PT-CVD cham ber and pum ped to  a pressure of 2 Torr. The external carbon source used 
was acetylene, and this was leaked in to  the  cham ber a t  a preset flow rate (in the  order of 2-10 
cmVmin), diluted in hydrogen gas, hydrogen flow rate was kept constant a t  100 cmVmin. The 
heat source used in all experiments was via an infrared lamp a t  the  top  of th e  chamber. 
Synthesis typically lasted 20 minutes or less.
5.3. Background
Chemical vapour deposition has been extensively used to  synthesise vertically aligned arrays of 
carbon nanotubes® and has been discussed in Chapter 2. The technique typically requires a 
transition metal catalyst (normally iron, nickel or cobalt) which can be applied via a precursor^®, 
sputtered  on to  th e  silicon substra te  and subsequently annealed^\ or from preformed 
particles^^ To avoid alloying of the  catalyst and the  substra te  (forming iron silicide for example) 
a t  th e  tem pera tu res  required for CNT synthesis, an interlayer of titanium nitride (TiN) has been 
used as a buffer layer^®. This m ethod provides high quality CNT growth on silicon substra tes  and 
avoids the  requirem ent for time consuming and costly sputtering processes. In doing so this 
m ethod has the  potential to  provide a route for the  large scale synthesis for high quality, single 
and few-walled CNTs th a t  can be applied in industrial settings.
For catalytic CVD-based techniques, the  catalyst particle size is correlated to  the  d iam eter of 
the  nanotube produced^^ and hence careful control of th e  catalyst particle size is required to  
obtain single and few-walled CNTs. The selection of the  organometallic precursor has led to  the  
production of small nanoparticles, which under th e  correct growth param eters  can form high 
quality single-walled CNTs without a pre-treatm ent step, reducing the  overall synthesis tim e 
and providing a straightforward sample preparation route. This further reduces processing and
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synthesis times, which are fundamental param eters  when moving from laboratory scale 
industrial scale CNT synthesis.
to
The nanotubes synthesised are shown to  be vertically-aligned on the  growth substrate , referred 
to  as carbon nanotube "forests". Aligned single and few-walled carbon nanotubes have never 
before been synthesised using this compound. Growth of these  small CNTs has been achieved 
directly on silicon substrates, negating the  requirem ent for complex and time consuming 
sample preparation m ethods tha t  are normally required when using sputtered transition metal 
thin film m ethods of catalyst deposition^'^®'^®. Multi-walled carbon nanotubes are also produced 
in the  process. Single and few-walled CNTs can be produced because of the  action of the  
designer catalyst material.
5.4. Synthesis of Vertically Aligned CNTs
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Figure 5-1: Scanning Electron Microscopy (SEM) images at low resolution showing a) the top of a vertically 
aligned carbon nanotube array and b) top view of nanotubes bundles tha t have leant sideways and 
subsequently can be shown to  be of 150 in length, grown at a rate of 125 nm/s.
Large arrays of vertically aligned carbon nanotubes have been produced using this m ethod. In 
this project it was common for the  arrays to  exhibit holes in the  forest, shown in Figure 5-1 A. 
This is proposed to be as a result of the  deposition process, in which the  solvent is driven off
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and does not lead to  a completely uniform coating of the  precursor on the  substrate, this is 
known as the  coffee-ring effect and has been shown to  cause "holes" in CNT arrays^^. The 
apparent "rip" around the  holes are also observed and it is hypothesised th a t  this is a result of 
mechanical forces acting on the  array when transporting the  sample, rather than forces acting 
upon the  sample during the  growth procedure.
It has therefore  been shown that, for the  first time, [(C5H5)2Fe2(CO)4] has been used to 
synthesise vertically aligned arrays of carbon nanotubes. The duration of synthesis was 20 
minutes and has produced CNTs th a t  are over 150 pm in length (Figure 5-lB). Assuming tha t  
CNT initiation takes place as soon as the  heat source is tu rned  on, the  growth rate is calculated 
as 125 nm /sec or 7.5 pm/min, which is high when compared to  similar synthesis routes using 
the  same PT-CVD system^'^^ The internal carbon source, present in the  iron precursor, is 
thought to be key to  the  catalytic action of the  produced nanoparticles. An iron carbide phase 
could be formed before th e  external carbon source is added to  the  system. It should also be 
noted tha t  in reality CNT synthesis will not initiate a t  the  point in which the  heat source is 
turned on, as the  IR lamps require some time to  heat up (although this is a relatively quick time, 
of the  order of 5 min), even so the  growth rate will actually be higher than th a t  calculated due 
to  this factor.
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Figure 5-2: Typical tem perature curves measured by a pyrometer, located under the substrate, during PT-CVD 
growth. Curves are shown for synthesis conditions A) w ithout and B) with an annealing step. The minimum 
tem perature read by the pyrometer is 190° C.
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The tem pera tu re  within the  PT-CVD system is measured by a pyrometer, located below the 
substrate, th roughout the  synthesis conditions used. Typical tem pera tu re  gradients used in this 
Thesis are shown, both without (Figure 5-2A ) and with (Figure 5-2B) an annealing step. In this 
case the  annealing step maintains all the  same conditions as the  growth step without the  inlet 
of the  carbon source (acetylene).
Results display tha t  a quick heating rate is obtained by using a photo-thermal heat source, as 
well as indicating tha t  the  exothermic decomposition of acetylene increases the  tem pera tu re  
within the  chamber. When the  lamps are turned off, and the  same pressure is maintained, the  
cooling of the  substrate  is relatively quick. These pyrometer reading, have been quoted as the  
measured substrate  temperature^'^^. However the  tem pera tu re  at the  growth interface has 
been shown to  be much higher than this when m easured using a therm ocouple^
5.5. Nanoparticle Size and its Effect on the CNT Diameter
A correlation betw een catalyst nanoparticle size and the  diam eter of the  CNTs produced has 
been shown^®, although nanoparticles have been shown to  deviate from a spherical shape^° 
during CNT synthesis. Nevertheless, the  m easured nanoparticle diam eter is the  maximum 
internal diam eter of the  CNT produced from the  particle and obtaining small nanoparticles will 
lead to  the  production of small CNTs, with the  potential to  produce SWCNTs and few-walled 
CNTs. The growth mechanism exhibited in this work is categorised as a tip growth mechanism, 
meaning th a t  small catalyst particles are removed from the  initial stock of catalyst on the  
substrate  as a nanotube grows. The catalyst nanoparticle remains at the  tip of the  nanotube as 
it grows. STEM analysis of the  top  end of a bundle of produced CNTs was carried out (Figure 5-3 
A) showing a small bundle of single and few-walled carbon nanotubes. At the  end of the  
bundle, a num ber of dark particles are seen, which are catalyst particles used in CNT growth. 
From this image and others like it for this sample, 100 nanoparticles were m easured and 
displayed as a histogram (Figure 5-3 B) to depict the  range of nanoparticle sizes obtained during 
the  synthesis procedure.
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Figure 5-3: Scanning Transmission Electron Microscopy STEM Image in Transmission electron (TE) mode, at 
x400k magnification, depicting a bundle of single and few walled carbon nanotubes as synthesized by chemical 
vapour deposition at 40% power, 100 seem H^ , 2 seem C2H2, 20 minutes growth. The dark structures at the end of 
the bundle highlight the catalyst particle size b) Histogram showing the range of catalytic iron nanoparticle 
diameter seen in the bundle of CNTs. Diameter measured using Image J software and analysed in Origin.
As is shown in Figure 5-3 B of the  100 nanoparticles measured, the  majority are be tw een 4 nm 
and 8 nm in diameter, and all are below 16 nm. This result confirms th a t  by using the  
organometallic precursor, small iron nanoparticles can be formed on the  substrate  which can 
then lead to CNT synthesis. Therefore, the  quality and type of CNTs produced from the  
precursor material is comparable to  CNTs produced from sputtered  metallic thin films. In 
almost all cases sputtered  films are oxidised and must be annealed in a reductive environm ent 
to  produce catalytically active iron nanoparticles. When this process is carried out on silicon 
substrates the  probability of the  iron film alloying with the  silicon substrate  is high, and hence 
protective metal layers are sputtered on to  the  substrate  to  separa te  the  silicon and iron layers. 
This study has shown tha t  CNTs with very low concentration of defects can be produced 
without the  need for sputtering protective metal layers, reducing the  overall cost and 
processing time of synthesis.
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This indicates th a t  it is due to  the  way in which the  precursor, [(C5H5)2Fe2(CO)4], decomposes 
when exposed to  the  elevated tem pera tu res  seen in the  PT-CVD chamber. The decomposition 
mechanism for the  compound has been outlined in Chapter 4, when exposed to  inert 
environments. In this case the  environment differs, upon the  addition of hydrogen and 
acetylene to  prom ote CNT growth, with many of the  same steps occurring.
The cyclopentadienyl groups present in the  compound can be absorbed in to  the  iron 
nanoparticles, along with the  external carbon source (acetylene) forming an iron carbide phase. 
This occurs simultaneously as nanoparticles are forming. The high decomposition tem pera tu re  
of the  compound and substituent carbon-containing groups are expected to  aid this 
mechanism. The presence of an abundance of carbon leads to  the  quick initiation of CNT 
growth. This adsorption of carbon hinders agglomeration of iron nanoparticles, therefore  
keeping th e  nanoparticles small and ultimately leading to the  production of small nanotubes, 
including single-walled CNTs. The quick uptake of carbon to  form an iron carbide phase is also 
expected to  hinder alloying of the  nanoparticles with the  silicon substrate.
When using a thin sputtered iron film, an annealing step is required to  form iron nanoparticles, 
as has already been discussed. During this stage, hydrogen enters  the  chamber and reduces the  
iron oxide film (the film is sputtered  as iron but then  oxidises once it has been removed from 
the  sputter  chamber) and forms iron nanoparticles. If the  iron film were spu tte red  directly on 
top of the  silicon substrate, the  catalyst particles can alloy with the  silicon^^. The presence of 
carbon in the  catalyst reduces the  probability of iron alloying with the  substrate , and CNT 
growth without has been achieved without using an annealing step prior to  the  carbon source 
being added to the  system.
Iron nanoparticles absorb a finite am ount of carbon before exuding the  carbon as graphitic 
structures, which form CNTs. The small nanoparticle size therefore  leads to  a small am ount of 
carbon being absorbed, which translates to  the  production of single and few-walled CNTs. High 
resolution STEM analysis shows a bundle of single and few-walled CNTs (Figure 5-4A) and a
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single DWCNT (Figure 5-4B). Comparing TEM images of the  CNTs with the  measured catalyst 
nanoparticle sizes, supports th e  s ta tem en t  th a t  small nanoparticles give rise to  single and few- 
walled CNTs. The diam eter of the  CNTs appears to  be less than the  d iam eter of the  
nanoparticles; m easurem ents of CNT diameters have not been carried out because of the  
difficultly in differentiating betw een CNTs within the  bundles. The synthesis of single and 
double-walled CNTs is a lucrative market and simple and cheap m ethods of synthesising these  
materials are of great benefit. Obtaining high quality materials, in relation to  num ber of defects 
should be achieved to realise the  potential of these  materials, low b/lc  ratio seen for this 
synthesis m ethod (Figure 5-5) confirms this.
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Figure 5-4: STEM Images taken in transmission electron mode at high resolution showing a) a bundle of single 
and few walled carbon nanotubes and b) one double-walled carbon nanotube of diameter approx. 5nm.
5.6. Raman Analysis of Synthesised CNTs
Raman spectroscopy, as already discussed, can be used to determine the  quality of CNTs 
produced. A red laser light source (782 nm) was used for Raman m easurem ents and was 
resonant with single and double-walled nanotubes in the  sample, giving rise to  radial breathing 
modes (RBMs) in the  Raman spectra. The Id/ Ig ratio in CNTs produced by our m ethod (shown in 
Figure 5-5) is very small (0.073 ± 0.010) and hence it can be deduced th a t  there  are a low
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concentration of defects in the  CNTs^^. The standard  deviation was calculated from 10 
m easurem ents a t  different points across the  sample. The high quality of the  material produced 
is superior to  commercial products (which have been used and analysed by the  same m ethod in 
Chapter 6). In this case, comparable defect concentrations were only seen once the  material 
had been steam  purified to  remove defects and am orphous carbon materials. This reiterates 
tha t  the  catalyst studied in this project has the  potential to  produce extremely high quality 
CNTs and the  route used could reduce the  num ber of sample preparation, synthesis and post 
processing steps required by o ther  routes. TEM contradicts this analysis, as CNTs appear  to  
have a num ber of defects, it should be noted tha t  the  energy of the  laser used in Raman 
spectroscopy will not be resonant with all CNTs and therefore  thorough analysis with multiple 
laser energies is required to fully analyse the  CNTs.
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Figure 5-5: Results of Raman spectroscopy carried out of CNTs grown on a silicon substrate using the iron 
precursor. Results indicate a high level of CNT purity with respect to  amorphous carbon content and number of 
defects (measured by Id/Ig)# also RBM peaks are present indicating tha t a significant portion of the  CNTs 
measured are single or few-walled CNTs.
The sharp split seen in the  G band indicates the  presence of high quality single and few-walled 
CNTs with respect to  amorphous carbon content. This split is not seen in MWCNTs and 
amorphous carbon leads to  peak broadening, masking this split and is discussed more fully in 
Chapter 6. The majority of CNTs are semiconducting as measured using a 782 nm laser, 
indicated by the  height of the  G" peak, in metallic CNTs the  height of the  G and G^ are roughly
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equaP^. However, with the  laser energy used more semiconducting nanotubes are resonant^^ 
this supports the  s ta tem en t  th a t  to  obtain a full understanding of the  nanotube types present 
more laser energies should be used to  characterise the  samples. The presence of strong RBM 
peaks indicate th a t  there  is a significant am ount of single walled and double walled CNTs 
present. The RBM region has been enlarged (see Figure 5-6) to  show peak positions, from which 
the  diam eter of tubes can be determined.
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1 154.6 1.57 ± 0.02
2 204.9 1.19 ± 0.02
3 216.9 1.12 ± 0.02
4 227.5 1.07 ± 0.02
5 235.0 1.03 ± 0.02
6 267.6 0.91 ± 0.02
Figure 5-6: A) RBM region of Raman spectra for PT-CVD grown CNTs indicating tha t a significant proportion of 
the CNTs are single or few-walled. B) The diameters of the CNTs tha t correspond to  the RBM peaks are accurate 
to ± 0.02nm after being calculated using the formula proposed by Dresselhaus et al. for CNT bundles^^, dt= 234 /  
(RBM -10), correct for CNTs with a diam eter of 1 nm to  2 nm.
The presence of strong RBM peaks (with the  most intense peak exceeding RBM:Gmax ratio of 
0.4) indicate th a t  a significant proportion of the  nanotubes have single of few walls th a t  are 
able to  vibrate circumferentially and produce RBM peaks. This sheds light on mechanism of 
nanotube catalyst formation from the  organometallic precursor. As the  precursor is broken 
down, iron nanoparticles are formed and can quickly initiate nanoparticle growth before iron 
nanoparticle agglomerate. When using a catalyst such as this, one tha t  can be drop cast or 
spray coated as a solution and requires minimal sample preparation, forming small walled 
nanotubes can only be achieved by a combination of the  chemical properties of the  precursor 
and the  growth chamber. The internal carbon source of the  precursor is of param ount
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importance to  this, carbon can be adsorbed as the  nanoparticles form and aid th e  initiation of 
CNT growth. The photo-thermal heat  source is also very im portant to  growing nanotubes of this 
type. For nanotubes to  grow, before the  catalyst particles grow in size, th e  time to  increase the  
tem pera tu re  be tw een  th a t  required for nanoparticle formation and nanotube growth m ust be 
very short. This can only be achieved with a photo-thermal source; o ther  hea t  sources would 
lead to  a longer duration betw een th e  two critical tem pera tures , resulting in larger 
nanoparticles and hence no small diam eter CNTs.
Results show th a t  under these  synthesis conditions a num ber of few  walled and small d iam eter 
CNTs are produced. Of the  nanotube diameters in resonance with the  laser used (782 nm); the  
strongest of the  RBM peaks seen corresponds to  CNTs with a d iam eter of 1.03 nm. Calculating 
the  distances betw een tw o RBM peaks in th e  spectra can help to  determ ine if the  CNTs present 
have one, tw o  or th ree  walls. The distance betw een tw o walls of a CNT will be determ ined  by 
van der Waals forces betw een them , th e  m easured diameters of an inner and an ou ter  tube  will 
be tw o times this distance, although small variations in this distance have been shown^®. When 
applying this to  the  CNTs with m easured d iam eter of 1.03 nm, this is too  small to  be an ou ter  
wall (inner wall diam eter would have to  be 0.37 nm). Therefore to  determ ine if this is a single 
or double-walled CNT we can calculate the  possible ou ter  wall diameter, this would be 
approximately 1.70 nm, corresponding to  an RBM peak a t 148 cm ^  which could correspond to  
peak 1 in th e  Raman spectra.
Peak 1 is asymmetric and suggests th a t  more than one peak is present as a band, th e  band 
spans from 135 cm'^ to  165 cm'^ and corresponds to  CNTs with a d iam eter of 1.51 nm to  1.87 
nm. Peaks 2-6 could all have ou ter  nanotubes within this range, therefore  all peaks being 
present as DWCNTs cannot be ruled out. When correlating the  possible CNT diam eters from 
peak 1 with the  Kataura plot all possible CNTs th a t  are resonant with the  red laser used (1.58 
eV) are metallic, peaks 2-6 correlate to  semiconducting CNTs, suggesting th a t  possible DWCNTs 
present will have an inner semiconducting CNT with an ou ter  metallic CNT, written as S@M. In
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double-walled CNTs the  chiralities of the  inner and outer walls are not dependen t on each 
other and lead to combinations of semiconducting (S) and metallic (M) CNTs^^. Other CNT 
diameters may be present but not resonant with the  laser used; to  gain a full understanding of 
the  spread of CNT types produced samples must be analysed using a num ber of laser energies.
It should also be noted that, due to the  limitations of the  Raman instrument peaks below 100 
cm'^ are not measured, which would correspond the  CNTs with larger diam eters and outer 
walls (if they were present of some peaks measured). This region would exhibit peaks from 
larger diam eter nanotubes tha t  have been seen in STEM results (Figure 5-4A).
5.7. CNTs Grown on Quartz
Figure 5-7: Photograph of the quartz window, separating the  thermal source (IR lamps) from the synthesis 
chamber, showing black deposits on the left hand side of the window, later discovered to  be CNTs.
CNTs have also been grown on the quartz substrate  used as a window material to  separa te  the  
IR emitting lamps used as the  photo-thermal source and the  reaction chamber. As previously 
stated, the  catalyst normally decomposes, forming iron nanoparticles th a t  adhere  to  the  
substra te  surface, before CNT growth. In this instance, the  material has been sublimed from the  
substra te  surface when the  heat source was turned on. Material, thought to be small iron 
nanoparticles, was deposited on the  quartz window; subsequent nanotube growth then
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continued in the  same m anner as on the  substrate. The nanoparticles could also deposit on 
other parts of the  chamber, but have not led to  CNT formation or any o ther  type of carbon 
structure formation. This is most likely a result of the  positioning of these  surfaces in relation to 
the  heat source, where nanoparticles on these  surfaces will not receive enough heat to  initiate 
CNT growth. Another factor is the  catalyst substra te  interaction, which in the  case of quartz has 
shown th a t  CNT synthesis is possible^^ Selectivity for growing CNTs on a quartz substrate, 
rather than the  metallic walls of the  chamber, may also be present but this is not expected to 
be the  dominant reason for only growing CNTs on the  quartz; instead the  tem pera tu re  of the  
substrate  is thought to  be the  determining factor. A photograph of the  quartz window after 
CNT synthesis has been taken (Figure 5-7), and shows large black deposits (categorised as CNTs 
using Raman spectroscopy and STEM).
The crescent shape of the  deposit suggests th a t  nanoparticles only deposit on one side of the  
quartz window. This is a result of the  design of the  gas inlet to  the  chamber, which causes a gas 
flow in one direction, the  tem pera tu re  across areas th a t  see acetylene will be higher due to  the  
exothermic reaction of acetylene decomposition. The centre of the  quartz window does not 
exhibit any growth. This is thought to be a result of the  changing tem pera tu re  conditions across 
the  window, due to the  acetylene flow.
The deposits shown in Figure 5-7 were collected from the  quartz window and dispersed in 
methanol. Drop casting the  resultant suspension allowed SEM and STEM analysis as well as 
Raman spectroscopy to  be carried out on the  sample. SEM analysis revealed bundles of fibre­
like structures (typical of CNTs) and large catalyst nanoparticles, as shown in Figure 5-8. From 
the  SEM results we note th a t  nano-sized fibrous materials have been produced on the  quartz 
window and suggest th a t  CNTs have been produced. However, film like deposits are shown in 
Figure 5-8B and hint at the  presence of amorphous carbon in the  material. SEM alone cannot 
determ ine the  size of the  CNTs. Scanning Transmission Electron Microscopy (STEM) was carried 
out to determine average size of the  CNTs and give an idea of the  quality of the  material in 
relation to graphitic structure of the  CNT walls and an indication of the  am orphous carbon
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content also present in the  sample. Samples were prepared by w ater bath sonication of the  
material in a methanol solution and drop casting a small quantity on to a copper supported 
holey carbon grid, before evaporating residual solvent and introducing into the  instrument.
1 0 ,1 5 /2 0 1 2  HFW  W D  I M ag HV D et I 
8 C 2  0 -  2 7  04  p n  9 ,5  nm iôO O O x 1 5 .0  kV E T O i
----------------10 0  pm -------------
ATI - U n lv irs itv  o f Surrc
Figure 5-8: SEM Images of the  material grown on quartz window In the PT-CVD chamber showing the presence 
of aligned, m atted carbon nanotubes at a) x5k magnification, showing long lengths of nanotubes and b) the 
aligned m atted nature of the nanotubes as well as the  presence of catalyst material (x50k magnification).
Figure 5-9: STEM Images showing a) a network of few-walled CNTs and b) CNTs at high resolution, depicting the 
few graphitic walls present as well as significant amorphous carbon content. Indicating poor quality CNTs.
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The size of the  CNTs grown on the  quartz window is similar to  the  vertically aligned arrays 
grown on traditional silicon substrates, using the  same catalyst as shown in previous work. 
CNTs were few-walled and had relatively small internal diameters compared to  th a t  of other 
CNTs grown using the  PT-CVD system.
However, in this sample significant amorphous carbon was present on the  outside of the  
nanotubes. This could be a result of non-optimal synthesis conditions at the  surface of the  
quartz w indow/ catalyst interface, particularly in relation to  the  way the  growth process is 
term inated. The silicon substra te  is rapidly cooled, whilst the  quartz window, less-so, meaning 
tha t  the  growth reaction is not term inated  as quickly, leading to  a coating of amorphous 
carbon, as observed in growth sequences where the  heating source is tu rned  off before the  
supply of carbon. The tem pera tu re  at this location is not known and depends largely on the  IR 
adsorption of quartz as well as the  level of reflectance from the  silicon wafer below. The 
tem pera tu re  may also change as the  CNTs grow, as they  themselves will adsorb infrared 
irradiation. The use of methanol in the  initial suspension should be considered as a possible 
source of carbon contamination; but this has been used in previous STEM analyses and has not 
resulted in the  relatively thick layer of amorphous carbon present in this sample.
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Figure 5-10: Raman spectra of the CNTs grown on the quartz window (laser = 782nm), indicate tha t the number 
of defects present (determined from Id/Ig ratio) is high and the lack of RBM peaks indicate tha t MWCNTs are the 
prominent constituent of the sample.
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The quality of the  CNTs produced was further analysed using Raman Spectroscopy (Figure 
5-10). There are several notable differences from the  spectra obtained for high quality CNTs 
grown on silicon substrates using this catalyst on quartz substrates.
Both the  D and G peaks are prominent in this spectrum and show th a t  the  material is indeed 
graphitic, providing further confirmation th a t  nanotubes are present. The Id/ I g ratio of 0 .6 2  is 
much larger than obtained on the  silicon substra te  (reported in Figure 5-5), suggesting tha t  
samples grown on the  quartz window are of significantly lower quality. The splitting of the  G 
peak is not seen in this sample, indicating tha t  the  quality of CNTs present is lower than  has 
been previously reported in this work; this coupled with the  increased background intensity, 
indicates tha t  more amorphous carbon in present in the  sample, and supports the  evidence 
from STEM analysis. Thermal trea tm en t  of the  sample was carried out to  de term ine if 
amorphous carbon could be oxidised and removed, leaving behind purified CNTs th a t  oxidise at 
a higher tem pera tu re .
The CNT containing sample was heated in air to  450° C for 20 minutes (not including time for 
the  oven to  reach this tem pera ture) and subsequently cooled. Amorphous carbon should be 
removed at this tem pera tu re , leaving the  CNTs th a t  will not react with the  oxygen present in 
the  air at this tem pera tu re . This m ethod has previously been used for the  gas phase purification 
of CVD grown CNTs, followed by acid t rea tm en t  in hydrochloric acid to  remove iron 
nanoparticles^^. The Raman analysis was again carried out to  determine the  changes seen 
betw een the  spectra before and after thermal t rea tm ent. Figure 5-11 displays the  Raman 
spectra of thermally trea ted  CNTs grown on the  quartz window.
Results imply tha t  no purification has taken place in the  thermally trea ted  "as grown CNTs" in 
air at 450° C. No peak splitting has been seen for the  G band and the  background intensity has 
not changed dramatically. Instead analysis suggests th a t  thermal trea tm en t  has had a 
detrimental effect on CNT quality, shown by the  increase in the  Iq/Ig ratio from 0.62 to  0.93. 
Therefore, CNTs must be attacked at this tem pera ture , oxidising and introducing more defects
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in to  the  structure; this is a sign tha t  the  CNTs synthesised are of poor quality and supports TGA 
data th a t  shows am orphous carbon accelerates the  oxidation of CNTs^°'^^. Steam trea tm en t  
(described in Chapter 6) has not been applied to  this product because of the  low quantities 
produced.
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Figure 5-11: Raman spectra of the thermally treated  CNTs grown on the quartz window (laser = 782 nm). Results 
Indicate tha t thermal treatm ent at 450“ C has Increased the number of defects present In the sample.
The quality of CNTs grown on the  quartz window were not comparable with the  high quality 
materials produced on silicon substrates; nevertheless the  fact tha t  CNTs grew here at all is of 
particular interest. The growth of CNTs using the  compound studied in this project has shown 
to be versatile; CNTs grow on both silicon and quartz substrates starting from small iron 
nanoparticles which initiate CNT growth very quickly. This leads to  the  growth of single, double 
and few-walled CNTs with small internal diameters. The sublimation of the  precursor material 
and subsequent deposition of iron nanoparticles on the  quartz window has led to  the  
investigation of the  compound as a material for simple patterning procedures.
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5.8. Patterned Growth of CNT Arrays
As described above, [(C5H5)2Fe2(CO)4], has the  potential to be sublimed when exposed to  a heat 
source. Results conclude tha t  iron nanoparticles were formed and th a t  those  deposited on the  
quartz window had the  potential to  grow CNTs. This unexpected result led to  the  idea of simple 
evaporation/sublimation based patterning procedure to  produce patterned  CNT arrays. 
Normally, to  obtain patterned  arrays of CNTs, a num ber of thin metal film sputtering and 
photolithography procedures are required^; here, we obtain patterned CNTs using a 
straightforward thermal sublimation process on to a masked silicon substrate.
To directly compare results to those  obtained by drop casting the  material, the  same substrate  
type (silicon) and growth conditions were used. Instead of drop casting the  iron precursor in the  
molecular form, it was evaporated on to the  substrate, forming iron-containing nanoparticles. 
The experiment was carried out to  determ ine if pa tterned CNT arrays can be achieved without 
time consuming and expensive sputtering stages.
5.8.1. Method
+ Heat
Figure 5-12: Depiction of the simple evaporation process to  obtain patterned substrates for CNT growth. A) a 
paper clip and attached to a piece of silicon substrate before B) being wrapped in a tin foil boat containing the 
iron precursor and heated to 300“ C in a lab oven in air, C) after cooling the foil and paper clip are removed, 
leaving a silicon substrate patterned with a suitable iron containing compound for CNT growth.
A small am ount of the  compound, [(C5H5)2F02(CO)4], was placed in a foil dish, the  growth 
substrate  (silicon) was fixed in place above it and then  covered with aluminium foil. A safety pin 
acted as a rudimentary mask for pa tterned  deposition of iron nanoparticles. Although being an
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unsophisticated set up, this conveys the  objectives in a clear m anner and a positive result 
would prove tha t  this m ethod could work and be a cheaper and quicker alternative to sputter  
coated iron films on top of photolithographic tem pla tes  and the  need for subsequent lift off.
The apparatus was then  heated to 300°C in a standard lab oven (Carbolite) in air. After the  oven 
has reached the  set tem pera tu re , the  apparatus was removed and left to cool. A tem pera tu re  
of 300° C was chosen to  result in the  decomposition of the  compound in air (see TGA data in 
Figure 4-2). As the  compound evaporates, it starts to  break down and form iron nanoparticles 
(which due to  the  oxidising a tm osphere  will be present as iron oxide). Therefore, using this 
procedure annealing will be required to reduce iron oxide to  catalytically active iron 
nanoparticles. Carrying out th e  sublimation technique in an inert environment will lead to  iron 
nanoparticles being formed, however sample transfer to the  PT-CVD chamber will still oxidise 
the  surface of the  nanoparticles formed.
5.8.2. AFM Results
9.7 nm
a m
Figure 5-13: Atomic Force Microscopy (AFM) images of A) the surface of a cleaned silicon substrate and B) silicon 
coated in sublimed cyclopentadienyl iron dicarbonyl dimer, forming iron (oxide) nanoparticles.
The size distribution of the  iron oxide nanoparticles deposited on the substra te  from the  
decomposition of the  compound was determined by AFM. AFM was carried out using a Veeco
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Dimension instrument in tapping m ode using a silicon based tip (Tap 300-G). The resultant 
surface topology over a 1 pm x 1 pm area is m apped in Figure 5-13.
A piece of cleaned silicon substra te  (Figure 5-13A) was first analysed and showed very few 
particles and a relatively flat surface, whereas in the  Figure 5-13B shows a rougher nano- 
textured surface is apparent, indicating th a t  nanoparticles have formed during the  
decomposition process. The scale bar for the  height variation in the  sample (on the  right side of 
the  image) shows th a t  the  largest nanoparticle is less than 12 nm in height, w hereas the  scale 
bar seen in the  image (200 nm) would lead us to  believe tha t  this particle is in fact much bigger. 
This is a common problem with AFM m easurem ents, the  z-directional change (height) is very 
precise as this affects the  height of the  tip, but the  change in x and y (the 2-dimension surface 
plot) are less definitive and are determ ined by the  type of tip used, scan rate and num ber of 
pixels, amongst others. This leads to an overestimation of the  d iam eter of the  nanoparticles. To 
help visualize this Figure 5-14A illustrates a 3-dimensional plot of the  surface topology and 
Figure 5-14B plots a histogram of 100 nanoparticle diameters m easured from the  z-component 
in the  3-dimensional height map obtained by AFM.
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Figure 5-14: From the surface topology shown in Figure 5-13 a 3-Dimensional plot of the surface is displayed (A), 
the maximum nanoparticle (NP) height in 11.2 nm with the majority being less than 2 nm, this is contrary to  the 
measured diam eter of the NPs from the 2D topology with is much larger (B) due to the size of the AFM tip.
Figure 5-14A reveals tha t  most particles measured from the  height map in Figure 5-13 are less 
than 2 nm in height, meaning tha t  the  decomposition of the  organometallic compound and 
subsequent deposition of iron oxide nanoparticles is suitable for the  growth of carbon
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nanotubes, as the  particle size is sufficiently low to  act as catalytic centres for CNT initiation. 
The larger particle m easured (11.2 nm) could be either a contam inant particle underneath  the  
layer of deposited particles or the  result of agglomeration of a num ber of these  nanoparticles. 
Figure 5-14B contradicts this, instead suggesting tha t  the  average nanoparticle size is 10-15 nm, 
but as already sta ted  it is expected th a t  measuring nanoparticle d iam eter from a 2-dimensional 
AFM surface scan will lead to  the  measured particle size being bigger than the  real diam eter of 
the  particles. Furthermore, the  particles are unlikely to  be perfectly spherical, but more like 
hemispheres or faceted islands, giving a larger base than  height. However, even though this is 
the  case the  particle size would still be sufficient to initiate CNT growth, and SEM and Raman 
data so far indicates th a t  the  resulting nanotubes have diameters closer to  low single-figure 
nanom etre  dimensions. The internal diam eter of synthesized CNTs correlates to  the  shape and 
size of the  catalyst nanoparticle. Measuring the  diam eter of a catalyst nanoparticle will not 
determine the  internal d iam eter of the  CNT formed from th a t  particle as the  shape of the  
particles changes during synthesis^® but the  internal diam eter of the  CNT can only be smaller 
than the  d iam eter of the  nanoparticle.
5.8.3. SEM Results
First observations of the  samples after removal from the  CNT growth chamber were th a t  the  
pattern was still visible and hence some degree of patterning has been achieved. To confirm 
that  CNTs were grown, SEM analysis was carried out as shown in Figure 5-15. Although uniform 
CNT synthesis has not been seen across the  entire patterned  area, CNTs have been produced, 
indicating th a t  the  simple patterning procedure, using the  decomposition of cyclopentadienyl 
iron dicarbonyl dimer, can produce catalyst nanoparticles from the  synthesis of CNTs of silicon 
substrates, without the  use of more complicated and time consuming preparation m ethods 
such as sputtering metal films and photolithography. In order to  make this a feasible alternative 
for the  synthesis of pa tterned  arrays of CNTs the  growth conditions will need to be investigated 
more fully. However, this work has aided in the  progression of CNT growth and shown th a t  
potential for CNT synthesis using this previously understudied compound is large and should be 
investigated more fully.
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Figure 5-15: SEM Images of CNTs grown from the iron precursor after patterned thermal evaporation on a 
suitable substrate a t A) x5k magnification and B) xlOk magnification. The images confirm that CNTs have been 
grown successfully, however large catalyst deposits remain.
An alternative, to a masked substrate  and subliming the  compound, is to use a s tam p to  deposit 
the  compound on to the  substrate. Stamping requires less sample preparation than sublimation 
and is quick and easy to  do. Other m ethods are also available, such as spray coating or ink jet 
printing, which have the  potential to give more intricate designs on a smaller scale; however 
these  m ethods have not been tested  in this work.
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Figure 5-16: Depiction of the procedure used to obtain patterned arrays of catalyst for CNT growth using a 
simple stamping technique. A) Firstly a custom rubber stamp is prepared, before B) the stamp is immersed in a 
solution of the compound dissolved in benzene, then C) the stamp is pressed on to  a silicon substrate, finally the 
solution is left to  dry, forming D) the patterned compound on the substrate, ready for introduction in to  the CNT 
growth chamber.
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Figure 5-16 illustrates the  simple stamping procedure used to pattern a silicon substra te  with 
the  words "ATI". A customised rubber stamp, with the  mirror image of the  required design, has 
been made for the  process, which is then  immersed in a 0.1 mol dm'^ solution of Cp2Fe2(CO)4 
dissolved in benzene. The stamp was then  pressed on to a clean piece of silicon and left to dry. 
This process was carried out in fume hood to remove benzene vapour. The sample was then 
introduced in to  the  PT-CVD chamber, w here similar growth conditions, to those used in 
previous studies outlined in this Chapter, were used; Figure 5-17 shows a photograph of this 
patterned design after PT-CVD growth.
Results show tha t  a pa tterned design can be achieved using a simple stamping m ethod of 
compound deposition, which leads to superior CNT growth when compared to  a tem plated  
sublimation technique. By maintaining the  original chemical s ta te  of the  iron containing 
compound upon introduction to the  PT-CVD chamber, CNT growth can take place as 
catalytically active iron nanoparticles are formed, whereas in the  sublimation route iron oxide 
nanoparticles are formed and subsequently require annealing before growth can take place.
B
Figure 5-17: A) Photograph of patterned CNT arrays grown via PT-CVD technique using a stamping m ethod to  
transfer the Cp2Fe2(CO)4 solution. B) SEM image taken at 50° angle to  the  substrate surface showing an aligned 
CNT array from the stamp design.
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The compound used has been shown to  be a suitable precursor to  the  formation of iron based 
catalyst nanoparticles for the  synthesis of high quality CNTs on silicon substrates. CNTs have 
also been grown on the  quartz window tha t  separa tes the  IR lamps and the  growth chamber; in 
this position to heat transfer dynamics are very different to the  w ater  cooled sample stage.
5.9. Silica Beads as Templates for CNT Growth
The versatility of the  compound to grow CNTs is of great interest and has led to experiments to 
grow CNTs on 3-dimensional substrates. Silica beads (desiccant beads) were soaked in a 0.1 mol 
dm'^ solution of the  compound in acetone. After these  porous structures were soaked they 
were subsequently dried and placed in a ceramic boat in the  PT-CVD chamber.
Figure 5-18: Crushed silica bead soaked in iron precursor after PT-CVD growth, showing a network of carbon 
nanotubes.
Dupuis reviews the  use of tem plates to  control nanoparticle size by trapping the  catalyst 
particles in the  pores of the  support^. By trapping the  catalyst agglomeration is hindered, 
resulting in small nanoparticles, whilst still allowing the  flow of the  reactant gases to  reach the  
nanoparticles through the  porous structure of the  support, leading to the  production of small 
d iam eter CNTs. The support aims to retain the  iron precursor in the  silica particles and
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hindering the  compound subliming to  form nanoparticles on th e  internal surfaces of the  
reaction chamber, whilst obtaining a large quantity of single and double-walled CNTs inside the  
silica beads. The soaked silica beads underw ent th e  sam e growth param eters  th a t  has seen the  
compound grow CNTs on silicon substrates. After the  growth step, th e  beads w ere  then  
crushed so th a t  th e  inside of th e  beads could be analysed by SEM. SEM was carried out in 
environmental m ode (ESEM) to  counteract charging of the  particles.
ESEM results (Figure 5-18) show th a t  CNTs have grown in inner pores of the  silica particles using 
th e  PT-CVD m ethod outlined. This result further highlights th e  versatility of the  organometallic 
precursor studied. This result proves th e  principle th a t  CNTs can be grown on silica supports 
using this compound and can be expanded upon in further work, to  obtain high quality CNTs 
with single orfew-walls.
5.10. Summary
We have synthesised single, double and few-walled carbon nanotubes of extremely high purity, 
with respect to  defect concentration (measured by Id/Ig ratio in Raman spectroscopy) and 
amorphous carbon content (STEM analysis and Raman spectroscopy) using an understudied 
organometallic compound. The compound used, cyclopentadienyl iron dicarbonyl dimer 
[{CsH5)2Fe2(CO)4], has previously been reported (Chapter 4) to  produce graphitic-carbon- 
protected iron nanoparticles; th e  catalytic ability of the  iron nanoparticles produced during the  
decomposition of th e  compound has been exploited to  produce the  high quality CNTs. A major 
factor in the  production of CNTs using this catalyst is th e  internal carbon source contained in 
the  compound and the  decomposition route th a t  the  compound undergoes. This is specific to  
th e  catalyst and differs from o ther  iron containing organometallic com pounds such as 
Ferrocene [(C5Hs)2Fe] and iron pentacarbonyl [Fe(CO)s]. It is suggested th a t  key differences 
betw een the  compounds are the  decomposition tem pera tu re  and carbon to  iron ratio.
The average diam eter of the  nanoparticles responsible for the  synthesis of th e  analysed CNTs 
has been measured and shows th a t  the  majority of nanoparticles are betw een 4.0 - 8.0 nm. The
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small particle size has been discussed and it is hypothesised th a t  the  presence of an internal 
carbon source aids th e  quick adsorption of carbon (also present from the  external acetylene 
source used to  grow CNTs). The quick formation of an iron carbide phase is thought to  avoid 
alloying of the  catalyst and silicon substra te  and prevent particle agglomeration, which would 
lead to  larger nanoparticles being formed.
The quality of the  produced CNTs has been analysed by Raman spectroscopy, SEM and STEM. 
These characterisation techniques show th a t  single and double-walled CNTs are present, and 
th a t  the  defect concentration and amorphous carbon conten t are low. A high growth rate 
(above 7.5 pm/min) is also achieved; these  results are comparable with, and in some cases 
superior to, more traditional CNT growth procedures used in th e  PT-CVD m ethod of sputtering 
a thin iron film, which subsequently needs to  be annealed. The m easured Id /Ig  ratio is superior 
to  tha t  of commercial SWCNT/ DWCNT products, synthesised using a CVD based process, and 
only after a s team  purification process can similar defect concentrations be reached (which 
have been measured in Chapter 6).
CNTs were also shown to  grow on the  quartz window of the  growth cham ber as a result of 
subliming the  compound. Although this was an unexpected result, it shows th e  versatility of the  
compound and its potential to  grow CNTs on a variety of widely available substrates. Growth of 
CNTs on the  quartz window was seen in multiple experiments and were consistently of lower 
quality th a t  those  grown on silicon substrates, with respect to  defect concentration ( Id / Ig  ratio 
was 0.620 compared to  0.073) and amorphous carbon content.
Patterned arrays of CNTs were grown via two competing methods, one using the  sublimation 
properties of th e  compound and ano ther  using a simple stamping technique. Both m ethods 
remove the  need to  photolithographic and sputtering steps during sample preparation. The 
stamping technique has been determined as the  superior m ethod for pa tte rned  growth and 
requires less sample preparation. This paves the  way for m ore research in to  this iron precursor 
for spray gun and ink je t  printing m ethods of patterned  designs. The quality of th e  CNTs grown
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using this m ethod has been shown to  be superior to  materials from current commercial 
methods used in some cases, coupled with the  ability to  pattern CNT arrays could lead to 
applications with CNT based electronic devices where CNT quality and positioning are of 
extreme importance. The compound used has the  potential to  simplify the  growth of high 
quality CNTs using a PT-CVD technique and can be up-scaled for industrial processes.
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6 Steam Assisted Purification of Electrospun Aligned-Carbon Nanotube 
Loaded Composite Nanofibres
6.1. Outline
Chapter 2 discussed a num ber  of m ethods  to  purify carbon nanotubes . This chap ter  
presents  a modified s team  t re a tm e n t  process, applied to  carbon n a n o tu b e  loaded 
composites, which has for th e  first tim e, led to  controlled and ta rg e ted  removal of 
polymeric and am orphous carbon materials. The process has also been  shown to  oxidise 
areas  of CNTs with a high num ber  of defects. Selectivity for th e  removal of lesser o rdered  
carbon materials results in high quality carbon nano tubes  remaining after  s team  tre a tm e n t .  
Thermal evaporation of polymer and am orphous carbon (baking th e  samples in an inert 
environm ent) results in th e  presence  of significant levels of am orphous carbon being 
reta ined in th e  sample. This is expected to  be a result of  th e  carbon n an o tu b e  netw ork  
preventing evaporation, which hinders th e  process. Introducing a controlled am o u n t  of 
steam  in to  th e  reaction cham ber  can lead to  th e  selective oxidation o f  a m orphous  carbon. 
The oxidation tem p e ra tu re  of CNTs after  s team  t re a tm e n t  has also been shown to  increase 
dramatically; a fraction of s team  t re a te d  CNTs do not oxidise in air a t  900° C, a m arked 
im provem ent from th e  expected oxidation te m p e ra tu re  of 550° C, CNTs th a t  resist oxidation 
at 900° C have been  coined as super-resilient CNTs.
Conducting this techn ique  on aligned electrospun carbon nano tubes  has produced  aligned 
and purified shee ts  of high quality carbon nano tubes  for applications in advanced 
electronics, charge s torage  and next generation com posite  materials. This m ethod  has also 
shown to  purify commercially grown CNT products and could be scaled up for industrial use. 
Super-resilient CNTs exhibit g rea te r  therm al stability than  previously reported  CNTs, have a 
low defect concentration, and may show  superior perform ance in a num ber  o f  CNT 
applications; it would be of g rea t academic and industrial in terest if th e se  m aterials can be 
produced on larger scales.
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6.2. Introduction
Due to  th e  curren t inability to  grow CNTs to  continuous lengths it becom es a necessity to  
align individual tubes , allowing the ir  rem arkable properties  to  be harnessed  on a 
macroscopic scaled This paves th e  way for applications for next genera tion  composite  
fibres^, supercapacitors  and electronic textiles^, am ongst others . Electrospinning is one  way 
in which CNTs can be aligned into sheets  ob tained  a t  relatively high sp eed s^  Electrospinning 
has an extensive range of applications, ranging from air filtration^ and protective textiles® to  
cell cultivation^ and tissue growth®. The electrospinning o f  th e se  fibres is no t th e  focus of 
this study, bu t th e  resu ltan t aligned fibres produced are  of in terest for fu tu re  applications. 
Steam t re a tm e n t  is th e  primary focus of th e  research outlined in this chap te r  and is applied 
to  electrospun fibres as th e  main m ethod  for removing th e  support  polymer with, as will be 
seen  later, unexpected benefits  in th e  purification and resistance to  oxidation of th e  aligned 
CNTs.
Steam t re a tm e n t  aims to  rem ove th e  am orphous carbon left a fter  therm al evaporation, 
th ere fo re  obtaining highly aligned CNT sheets  over large areas  with low am orphous  carbon 
content. Steam t re a tm e n t  has proven to  be a successful selective m eans to  purify and open  
CNTs, w hen com pared  to  o th e r  techn iques^  w here  removal o f  catalyst particles and 
shortening of CNTs is also achievable^®. Selectivity in th e  oxidation arises from th e  lower 
oxidative resistance seen for less ordered  carbonaceous materials. CNTs are  highly 
crystalline, tubular  s tructures m ade  of sp^ hybridised carbon and are  m ore  difficult to  
oxidise than  am orphous carbon and polymeric carbon contained in th e  com posite  
nanofibres. Tobias et al. (2006) revealed tha t ,  despite  th e  fact w a te r  m olecules do not 
therm ally degrade  at tem p e ra tu re s  below 2000° C w a te r  molecules will reac t with carbon 
through tw o  key reaction processes which occur a t  e levated te m p e ra tu re s  of 700° C and 
above, according to  equation 6-1®.
C + H2O ^ C O  + H and CO + H2O ->CÜ2 + H2 Equation 6-1
In addition, Tobias et  o/.® p resen ted  evidence th a t  th e  selectivity seen  in oxidising carbon 
materials ex tended  past am orphous  or polymeric carbon, to  also oxidise a reas  o f  carbon
141
nano tubes  w here  th e re  is a high concentration o f  defects, such as lattice defects, kinks or 
nano tube  caps. This was illustrated by oxidation of th e  highly defective tu b e  ends, bu t not 
affecting th e  length of th e  nano tube , and effectively opening th e  ends of th e  capped  CNTs. 
Research has so far been  limited to  purifying synthesised carbon nanotubes; w hereas  this 
study aims to  extend th e  benefits  of s team  purification to  CNT-containing nanofibre 
composites. Benefits of th e  s team  purification process include th e  ability to  be conducted  at 
a tm ospheric  pressure  as well no t  requiring harm ful/hazardous reactants.
In o rder  to  electrospin CNTs into highly aligned CNT loaded nanofibres, CNTs m ust be 
hom ogenously  dispersed in a suitable viscoelastic polymer. Poly(ethylene oxide) (PEO) has 
been used as it is one  of th e  cheapes t  available and easiest to  use as it is w a te r  soluble. 
CNTs are  dispersed using an ionic surfactant, sodium dodecylbenzene sulfonate  (SDBS), 
which has was found to  produce som e of th e  highest CNT concentrations in th e  resultant 
dispersed solutions under  th e  pa ram ete rs  used for electrospinning.
6.3. Experimental
Carbon nano tubes  used in this s tudy w ere  m anufactured  by Thom as Swan & Co. Ltd. using a 
chemical vapour deposition (CVD) process^^ and w ere  predom inantly  SWCNTs. The CNTs 
w ere  supplied in a 'wet-cake" form (3.7 wt% CNT in an aqueous  solution, forming a jelly-like 
consistency). The CNTs w ere  dispersed in deionised w a te r  to  a concentration o f  0.1 wt%, 
with a CNT to  surfactan t ratio of 1 to  10, which has been  previously reported  as th e  ideal 
ratio of surfactant to  CNT^®'^^ All solutions w ere  dispersed using a tip probe  sonicator a t  225 
W pow er (30% pow er of a 750 W machine). Once sonicated, solutions w ere  centrifuged at 
5000 g for 30 minutes, removing any remaining agglom erated  material from th e  dispersion. 
Dispersions w ere  b lended with PEO (supplied by Sigma Aldrich, with an average m olecular 
weight of ~2,000,000 Da), a fter  dispersing CNTs. This w as required to  preven t th e  ultra-sonic 
irradiation cleaving th e  polymer chains, which would reduce  viscoelasticity, rendering  th e  
solution unsuitable for electrospinning^®. Once electrospun, this solution p roduces  PEO 
nano-fibres em bedded  with CNTs a t 3.9 wt%, assuming all of th e  solvent evapora tes ;  this 
was confirmed by therm ogravim etric  analysis (TGA) (Figure 6-2D). After electrospinning, th e  
nanofibres w ere  collected and folded several t im es (much like a sh e e t  of paper), in a
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m anner  which maintains th e  fibre alignment, in o rder  to  produce a thicker sam ple (enabling 
easer  handling and analysis after  baking).
Vent
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Figure 6-1: A) Schematic diagram of the set up used to  steam  tre a t our samples, w here th e  valve system 
allows control over when steam  is introduced to  th e  furnace, preventing condensation during cooling. 
Typical SEM micrographs of B) CNT loaded fibres after electrospinning and C) the  sam e fibres after steam  
purification (when using SDBS functionalised CNTs) (C), w here alignment can be seen to  be m aintained.
In preparation for th e  s team  t re a tm e n t  process, th e  thick, aligned, CNT loaded fibre m ats  
w ere  m oun ted  on a silicon w afer  and loaded into th e  centre  of a Carbolite quartz  tube  
furnace (as shown in Figure 6-1) The quartz tu b e  is purged with nitrogen before  elevating 
th e  tem pera tu re ,  minimising th e  risk of residual oxygen damaging the  CNTs in th e  sample. 
The furnace is then  hea ted  at a rate  of 20° C/min to  the  ta rge t  tem p e ra tu re ,  this 
tem p e ra tu re  is held for 3 hours before  being left to  cool by air. As the  furnace hea ts  up, the  
w a te r  is hea ted  close to  boiling point; once th e  ta rge t  tem p e ra tu re  is reached th e  nitrogen 
gas line is redirected through the  near  boiling w a te r  and bubbled through it. In doing so, 
w a te r  vapour is carried in to  th e  reaction cham ber  to  selectively oxidise th e  fibrous material. 
Steam was introduced in to  the  furnace during the  3 hour period th a t  th e  furnace was at the  
targe t  tem p era tu re ,  preventing condensation and controlling the  volume of s team  passed 
over th e  sample. Once th e  furnace had re tu rned  to  room tem p era tu re ,  th e  sam ples w ere  
rem oved and analysed.
6.4. Results
The major techniques  used in this study have been TGA, Raman spectroscopy and SEM/EDX. 
To de te rm ine  th e  effect of s team  tre a tm e n t  on th e  CNT loaded polymer fibres it is
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im portan t to  unders tand  th e  decomposition routes taken by each of th e  chemicals used and 
the  subsequen t  e lectrospun nanofibres, which can be de te rm ined  by TGA. Amorphous 
carbon con ten t  and th e  num ber  of defects remaining in th e  CNTs after th e  baking procedure 
can be assessed by Raman spectroscopy to  de te rm ine  th e  quality of material and w hat 
effect baking te m p e ra tu re  has on th e  quality of th e  purified products. SEM with an EDX 
de tec to r  was then  used to  de te rm ine  th e  elem ental composition of th e  steam  tre a te d  
fibres, which is used to  suggest fu ture  im provem ents to  th e  process.
6.4.1. TGA of Chemicals used
D)
m 40-
PEO SDBS
-  in N2
—  In Air
I '  I '  I '  I '  I i “ i  I '  I — I - |
200 300 400 500 600 700 800 900 
Temperature (°C)
 in N2
in Air
g<D 40-
200 300 400 500 600 700 800 900 
Temperature (°C)
100-1
90-
80-
70-
60-
O) 50-
<u 40-
30-:
20-
10-
0-1
Wetcake lyiaterial _
 in N2
—  in Air
PEO/SDBS/CNT Fibres
I '  I '  I '  I '  I '  I '  I ■ I
200 300 400 500 600 700 800 900 
Temperature (°C)
 in N2
in Air
^ 5 0 -  
:ô5 40-
T— '— I— '— I— '— I— '— I— '— I— '— I— '— I
200 300 400 500 600 700 800 900 
Temperature (°C)
Figure 6-2: : TGA results, carried out in both air and nitrogen, are plotted from 150° C in order to  eliminate 
w ater content and show the  therm al decomposition of all materials used in the production of CNT loaded 
nanocomposite fibres. A) PEO decom poses in air at 250° C and is not removed in N2 until 400° C. B) SDBS 
shows tw o distinct mass losses in N2 and has a more complex decomposition due to  oxidation in air. C) CNT 
wetcake is not removed in N2 and oxidises in air at 550° C. D) The electrospun composite nanofibres show 
mass losses associated with a combination of the  th ree materials, TGA curves indicate how the  nanofibres 
will react during the  steam  trea tm en t process.
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Thermogravimetric analysis (TGA) was used to  confirm both  how and a t  w h a t  tem p e ra tu re s  
th e  different materials used in this investigation therm ally breakdown. Figure 6-2 shows 
individual TGA curves of th e  th re e  chemicals used and CNT loaded nano-fibres produced 
during electrospinning, each material was analysed in air and nitrogen from room 
tem p e ra tu re  to  900° C a t  a heating ra te  o f  10° C/minute. It is im portan t to  analyse all 
materials used in air; to  unders tand  how  th e  m aterials will oxidise and in nitrogen; to  
unders tand  th e  decomposition of th e  com pounds in an inert environm ent. In doing so, th e  
reactions th a t  will take  place during th e  s team  t re a tm e n t  process can be investigated in this 
section.
6.4.1.1. Polymer (PEO)
Results confirm th a t  in both air and nitrogen th e  majority of PEO is rem oved before  450° C, 
with th e  PEO therm ally degrading at a significantly lower te m p e ra tu re  in air th rough  an 
oxidation process. This is only th e  case for pure  PEO, and w hen CNTs are  p resen t  in 
nanocom posite  fibres, it is expected th a t  th e  polymer is ha rder  to  remove. This is because  
th e  CNTs will hinder therm al evaporation of th e  polymer in nitrogen. With this in mind, 
som e carbonaceous material from th e  polymer is expected to  remain a fte r  therm al 
t re a tm e n t  in a nitrogen a tm osphere . Under th e  high tem p e ra tu re s  used in th e se  
experiments, it is expected to  be p resen t as am orphous  carbon. As th e  experim ental 
te m p e ra tu re  is increased less am orphous carbon is expected to  be present, as th e  higher 
am oun t  of available energy should allow superior therm al evaporation from th e  CNT 
netw ork in th e  nanofibres. The addition of s team , above tem p e ra tu re s  a t which s team  has 
shown to  be oxidatively active, should rem ove carbonaceous material th a t  therm al 
evaporation alone failed to  remove.
6.4.1.2. CNTs
With regards to  th e  wetcake  material, baking in nitrogen prevents  CNT oxidation and 
there fo re  no material is rem oved (Figure 6-2C). In air, CNTs w ere  oxidised at approxim ately 
550° C (Figure 6-2C), which is consistent with CNT oxidation tem p e ra tu re s  in th e  literature^®. 
The residue left in th e  TGA pan was 9.5 % of th e  initial weight; th e  majority o f  this is
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expected to  be metal catalyst, which will oxidise in th e  presence  of oxygen to  form FezOg 
and gives rise to  th e  rusty-brown colour of th e  residue. Inorganic ash could also be p resen t 
after TGA which arises from th e  CNT synthesis process; th e  production m ethod  uses porous 
ceramic particles as a tem p la te  to  CNT growth, which are dissolved in acid after  th e  process.
6.4.I.3. Surfactant (SDBS)
The therm al decomposition of SDBS takes different routes depending  on w h e th e r  this is 
perform ed in nitrogen or in air. In nitrogen, only therm al evaporation can occur, m eaning 
th a t  fragm ents of th e  molecule can be lost but oxidation does not occur. W hereas, in an 
oxidative a tm osphere , such as air, f ragm ents can be oxidised and mass gains will occur. This 
complicates the  TGA data seen and th e  nature  of th e  product at specific tem p e ra tu re s  is 
harder to  de term ine . Both decomposition routes will be discussed separately, with mass 
losses being discussed and a ttr ibu ted  to  fragm ents of th e  SDBS molecule.
6.4.I.3.I. SDBS in Nitrogen
TGA of SDBS in N,100n
80-
60-
Na^y
NaResidue;20 -
300 400 500 600 700 800 900200
Temperature (°C)
Figure 6-3: TGA results of SDBS In nitrogen with mass loss events shown as fragm ents of the molecule being 
removed. The alkyl chain (In red) Is removed at 420° C before th e  phenyl substituent (cyan) undergoes a 
slow removal step, leaving the  Ionic head (NaHSOg) (green) remaining.
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In nitrogen (Figure 6-2B), TGA results show  tw o  clear evaporation mass loss peaks. Mass loss 
events  can be assigned to  fragm ents o f  th e  molecule by calculating th e  relative atomic 
weight with respect to  th e  total molecular weight of th e  sample, as depicted  in Figure 6-3.
The alkyl chain of th e  molecule is rem oved by 480* C (48.6 % of th e  total weight), this 
bonding position is th en  te rm ina ted  by a hydrogen atom  th a t  arises from th e  decom posed  
alkyl chain. The phenyl ring is subsequently  lost by 800° C and again this bonding position is 
te rm ina ted  by a hydrogen atom . This leaves th e  ionic head of th e  surfactant; th e  remaining 
mass suggests th a t  this is in th e  form of sodium hydrogen sulfite (NaHSOs), show n as the  
residue in Figure 6-3. Hydrogen m ust be p resen t in th e  residual products to  balance th e  
charge of th e  anion (SOa^ ). Carbon-containing residues are  no t expected to  be seen  in e ither  
of th e  results. The weights of th e  fragm ents rem oved are  calculated as a pe rcen tage  of th e  
total molecule and com pared  to  th e  mass loss m easured  by TGA in Table 6-1.
Fragm ent N um ber of m ass 
units
% Calculated Total 
W eight
TGA m ass  loss 
(Figure 6-3)
Alkyl chain (C12H25) 169 48.4 47.3
Phenyl ring (CeHs) 77 22.1 19.0
Ionic head  (NaHSOg) 104 29.8 Residue (29.6)
Table 6-1: Fragments of SDBS removed calculated as percentages of th e  to tal molecular weight, com pared to  
TGA mass loss, supporting th e  decomposition mechanism proposed. Terminating hydrogen atom s, present 
in the  product a fter each mass loss step, have been included.
There is a good correlation between the measured and calculated mass losses for the proposed 
fragments of SDBS, suggesting that the two mass loss events seen in the spectra are due to firstly the 
alkyl chain being removed, followed by the removal of th e  phenyl substituent.
6 .4 .I .3 .2 . SDBS in Air
W hen carrying ou t  TGA in air (Figure 6-2B), SDBS follows a different decom position rou te  
due  to  th e  presence  of oxygen, there fo re  it is no longer sufficient to  talk in te rm s  of 
absolute  mass loss th a t  can be a ttr ibu ted  to  fragm ents of th e  SDBS molecule. Instead, as 
oxygen is present, mass losses and mass gains can now occur and th e  relative mass change
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is th e  sum  of th ese  reactions. It is im portan t  to  unders tand  th ese  processes in o rder  to  
de te rm ine  chemical reactions th a t  will occur during th e  s team  t re a tm e n t  process.
To de te rm ine  th e  molecular s truc tu re  o f  SDBS at various stages of therm al oxidation, one 
can use th e  p receden t  se t  by th e  therm al decomposition seen  in nitrogen. From the  
previous section, w e know th a t  th e  alkyl chain is rem oved a t  a lower te m p e ra tu re  than  the  
phenyl substituent. W e also know th a t  th e  ionic head of th e  surfactan t is no t rem oved and 
remains a t  900° C. W e can assum e th a t  th e  alkyl chain will follow th e  sam e tren d  and be 
oxidised a t a lower te m p e ra tu re  than  th e  phenyl substituent. Therefore, th e  first mass loss 
seen in th e  TGA spectra can be assigned to  th e  removal of part  or th e  whole  of th e  alkyl 
chain and th e  second to  th e  removal of part  (or th e  whole) of th e  phenyl substituent. Table 
6-2 displays th e  relative mass losses seen in th e  TGA spectra of SDBS in air.
Temperature
(°C)
Mass remaining 
in TGA (%)
Number of 
mass units lost
Number of mass 
units remaining
Molecular formula
150 100 0 348 Ci2H25(C6H4)S03Na
706 60.8 137 211 (C6H4 0 H)S0 4 Na
900 34.2 92 119 NaHS04
Table 6-2: TGA results as a function of th e  percentage mass lost (of the  starting molecule), from this the  
num ber of mass units lost can be calculated and th e  chemical form ulae of th e  com pounds presen t after each 
mass loss event determ ined.
Table 6-2 is used to  relate  th e  mass loss events  seen  in TGA traces  to  th e  sum of th e  num ber  
of mass units lost from th e  initial molecule. This is a useful aid to  de te rm ine  th e  chemical 
s truc ture  of th e  rem ainder. The first entry  shows SDBS, before  any oxidative p rocesses have 
taken place. The mass lost during TGA analysis is expressed as a num ber  of mass units of 
th e  initial molecule. At this point it is im portan t to  re i tera te  th a t  this num b er  is th e  sum of 
th e  mass units lost minus th e  num ber  of mass units gained through oxidative processes. 
From th ese  calculations, one  can apply chemical knowledge to  de te rm ine  w ha t  chemical 
processes occur a t  each step.
So far it has been de te rm ined  th a t  th e  first se t o f  m ass losses of 39.2 % will contain th e  loss 
of th e  alkyl chain seen in th e  SDBS molecule. However, as shown in Figure 6-3, th e  alkyl 
chain corresponds to  48.6% of th e  total molecular weight. It is unlikely th a t  part  o f  th e  alkyl
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is rem oved and part remains over this te m p e ra tu re  range. Carbon groups may be rem oved 
sequentially from th e  alkyl chain or as larger fragm ents, bu t th e  bond energies are  similar, 
for all alkyl groups which will oxidise over a relatively small tem p e ra tu re  range. Therefore, it 
is deduced  th a t  th e  en tirety  of th e  alkyl chain is rem oved and oxidative processes have led 
to  th e  inclusion of oxygen in th e  com pound  th a t  remains, which is proposed  to  be sodium 4- 
hydroxybenzenesulfonate. Multiple mass changes are  supported  by th e  shape  o f  th e  mass 
loss curve which exhibits multiple kinks (ra ther  than  one  sm ooth  mass loss). This indicates 
th a t  m ore  than  one  process is occurring at this s tage (Figure 6-5). The num ber  of m ass units 
corresponding to  th e  difference be tw een  losing th e  alkyl chain and th e  m easured  TGA mass 
loss is 33 units. As already s ta ted , this m ust be due  to  oxidative processes in air and 
there fo re  m ust contain oxygen (mass units = 16). Using this information, it is p roposed  th a t  
tw o extra oxygen groups are  now p resen t in th e  com pound  th a t  remains, plus th e  
rem ainder (1) which can assigned to  hydrogen. Assigning th e  positions for th e  newly 
acquired oxygen groups can now be carried out. W hen removing th e  alkyl chain from th e  
molecule, a bonding position on th e  phenyl ring is now  available and th e re fo re  oxidation will 
occur at this site. The m ost energetically favourable rou te  will be to  not disturb th e  sp^ 
s tructure  of th e  phenyl ring and the re fo re  th e  oxygen m ust be p resen t as a hydroxyl group. 
The second oxygen addition is a ttr ibu ted  to  a change in th e  oxidation s ta te  of th e  sulfur 
atom , from sulfite (+4) to  sulfate (+6); this is expected  to  occur readily a t  elevated 
tem pera tu re s ,  in an oxygen containing environm ent. The com pound remaining a t  706° C is 
proposed to  be sodium 4-hydroxybenezenesulfonate.
The second mass loss event, seen a t  approximately 780° C, is calculated to  be a ne t  loss of 
92 mass units and from th e  TGA results appears  to  be a single chemical change (indicated by 
th e  sharp reduction in mass over a small t e m p e ra tu re  range). This mass loss is a tt r ibu ted  to  
th e  loss of th e  hydroxyphenyl group (mass units = 93) and subsequen t  pro tona tion  (+1 mass 
unit) of th e  sulfate anion from hydrogen p resen t  after  th e  decom position of o th e r  
fragm ents of th e  molecule, giving a ne t loss of 92 mass units. Knowing this, th e  com pound  
remaining in th e  TGA pan a t  900° C under oxidative conditions is sodium hydrogen sulfate 
(NaHS04), whilst th e  non oxidative route 's  residue has NaHSOg.
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The ne t  chemical changes of the  oxidation of SDBS in air can th ere fo re  be sum m arised in the  
following chemical reactions outlined in Figure 6-4.
^ _ Na'
HO—S -O
. NaNaS
O
HO
O
Figure 6-4: The overall steps seen in the  oxidation of SDBS in air, the  first step depicts the  sdbs, the second 
step illustrates tw o changes; one in the oxidation sta te  of the  sulfur atom  (changing from sulfite to  sulfate) 
and the second removing the  alkyl chain with the  addition of a hydroxyl group at this position, the  third step 
displays the loss of the hydroxyphenyl group to  leave the  ionic head of the  molecule.
The TGA trace  of SDBS is depicted again, in Figure 6-5, this tim e TGA has been  carried ou t in 
air, th e  proposed  chemical changes to  th e  surfactant after each mass loss even t have been 
superim posed on th e  trace  in o rder  to  further  clarify how SDBS is oxidised in air.
TGA of SDBS in Air
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Figure 6-5: TGA trace of SDBS in air, showing the compounds present after each mass loss event. Below 450° 
C th e  molecule undergoes a num ber of changes, removing the  alkyl chain and addition of a hydroxyl group 
at this position and oxidising the  suifite group to  a sulfate group. The second mass loss appears a high 
tem perature  (780° C) and is the  assigned to  the  removal of the  hydroxyphenyl substituent of the  molecule.
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An in-depth and concise therm ogravim etric  analysis of SDBS in air and nitrogen has not 
been found within the  literature and has there fo re  been carried out in this study. It was 
im portan t to  unders tand  th e  therm al decomposition of th e  surfactant, as th ese  processes 
may occur during th e  steam  tre a tm e n t  process outlined in this chapter. From this analysis 
we expect SDBS to  form sodium hydrogen sulfite (NaHSOs) under inert conditions (N2 gas) 
during th e  baking process and sodium hydrogen sulfate after  s team  trea tm en t.
6 .4 .I .4 . Com posite  Nanofibres
As previously m entioned , in o rder  to  align CNTs into a sheet, all th re e  of th e  materials 
discussed above (CNTs, SDBS and PEO) need to  be combined and electrospun, th e  
conditions used to  produce th ese  nanofibres have been se t ou t  in section 6.3. TGA results of 
the  e lectrospun CNT-loaded nanofibres are p resen ted  in Figure 6-2D and show  a 
combination of all th re e  of th e  materials used (shown in Figures 6-2A, B and C) relative the  
am oun t of each material in th e  nanofibres. This provides an indication of w hat species are 
expected to  be p resen t in th e  nanofibres after therm al t re a tm e n t ,  with and w ithou t s team  
over a range of tem pera tu res .
The calculated relative weights of each of th e  th re e  materials (PEO, SDBS and CNTs) in th e  
produced electrospun nanocom posite  fibres are 57.1 %, 39 % and 3.9 % respectively, 
assuming th a t  all w a te r  has been removed. Knowing th ese  ratios, the  mass losses seen  for 
the  nanocom posite  fibres can be assigned in the  TGA curves. For com posite  fibres analysed 
in a nitrogen environm ent, the  first mass loss peaking at approximately 400° C of 57 % is 
assigned to  th e  com plete  removal of the  polymer (PEO). The second mass loss event 
peaking at 450° C of 18 % is assigned to  the  removal of th e  alkyl chain of th e  surfactan t 
(SDBS). The subsequen t  mass loss peaking at around 700° C and continuing until th e  
maximum te m p e ra tu re  of 900° C follows th e  trend  seen for SDBS and is assigned to  th e  loss 
of th e  phenyl group of th e  surfactant and is m easured  at 7.9 % of th e  total nanocom posite  
fibre. These values confirm th a t  the  ratios of materials p resen t in the  electrospun fibres are 
correct and th e  mass loss events  follow those  associated with th e  pure materials.
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6.4.2. TGA of S team  T reated  Com posite  Nanofibres
After th e  nanocom posite  fibres underw en t  s team  t re a tm e n t  over a range of tem pera tu re s ,  
TGA was again used to  de te rm ine  th e  effect steam  t re a tm e n t  had on th e  CNT paper. 
Amorphous carbon is expected to  be p resen t  a t  lower s team  t re a tm e n t  tem p era tu re s ,  as 
s team -assisted oxidation will only occur above 700° C. All therm ally t re a te d  sam ples are 
expected to  have less carbonaceous material than  th e  unprocessed nanofibres (Figure 6- 
2D).
Samples calcined w ithout s team  (in a nitrogen only a tm osphere)  w ere  analysed by TGA in 
air (Figure 6-6A). Results show th a t  w a te r  con ten t  differs and is lost before  100° C. W ater  
will be adsorbed at th e  end of the  cooling stage of the  steam  t re a tm e n t  process and 
through moisture p resen t in air. Subsequen t behaviour during TGA is similar. All samples 
display a mass loss at approximately 450° C, which corresponds to  th e  oxidation of 
am orphous carbon materials and CNTs. CNT oxidation is expected to  occur at 550° C (as 
seen in Figure 6-2C). The tem p e ra tu re  of CNT oxidation has decreased; this suggests th a t  
th e  presence of large am ounts  of am orphous  carbon is promoting CNT oxidation.
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Figure 6-6: TGA results for thermally trea ted  CNT loaded nanocom posite fibres calcined in A) an inert 
nitrogen environm ent and B) an oxidative environm ent through the  addition of steam . TGA was carried out 
in air (for both A and B) with a heating rate of 10“ C/min from room tem perature  to  900“ C. Results indicate 
th a t more am orphous carbon is removed upon the  addition of steam  and that the amount of amorphous carbon 
removed increases with increasing steam treatment temperature.
Figure 6-6B displays the  TGA results for samples calcined with th e  addition of s team . At a 
steam  t re a tm e n t  tem p e ra tu re  of 500° C, the  carbon con ten t  (83 %), ob tained  by removing 
the  residual wt% at 9 00°C, is very similar to th a t  of non-processed samples, seen  in Figure
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6-2D (84.5%). Consequently, it can be said th a t  a t  500° C, very little material is rem oved 
from th e  nanocom posite  fibres. However, th e  te m p e ra tu re  at which th e  carbon is oxidised 
in air has changed significantly, with th e  derivative of th e  mass loss increasing from 350° C 
to  450° C. This is a result of th e  therm al t r e a tm e n t  in nitrogen, which carbonises polymer 
and surfactant m aterials w ithou t removing them , leaving am orphous  carbon.
At a s team  t re a tm e n t  t e m p e ra tu re  of 600° C, results w ere  similar to  th a t  ob tained for 
samples t re a te d  in a nitrogen environm ent. It can th e re fo re  be deduced  th a t  both samples 
contain th e  sam e  ratios o f  m aterials and th a t  s team  has had no effect on th e  sam ple a t this 
tem p era tu re ,  in ag reem en t  with Tobias e t al. th a t  th e  s team  purification process s tar ts  at 
700° C. A significant am oun t  of am orphous  carbon is rem oved be tw een  500° C and 600° C, 
this is a ttr ibu ted  to  therm al evaporation and is no t assisted by th e  presence  of s team .
Samples calcined in s team  above 700° C do not exhibit th e  sam e  behaviour as those  w ithout 
s team . The mass loss seen at approximately 450° C is now not seen  until 650° C and 
considerably reduced (for higher tem p e ra tu re s  rem oved entirely). This indicates th a t  th e  
addition of s team  to  th e  calcination process oxidises and rem oves m ore  carbonaceous 
material than  is rem oved in an inert (nitrogen) environm ent.
The tem p e ra tu re  at which s team  starts  to  oxidise am orphous  carbon can be seen  by plotting 
th e  residue obtained  after  TGA against calcination te m p e ra tu re  for sam ples calcined with 
and w ithout th e  addition of s team , displayed in Figure 6-7. An increase in th e  m easu red  
residue after  TGA shows th a t  less material is lost during th e  analysis. This arises from m ore  
material being lost during th e  calcination process. This 's team  activation' t e m p e ra tu re  is 
indicated a t  th e  point w here  th e  m easured  residue is higher for samples calcined in s team  in 
comparison to  th o se  calcined in nitrogen, indicating th a t  m ore  material has been  rem oved 
before  TGA analysis occurs, caused by th e  addition of s team  in th e  calcination process. 
Below this point am orphous carbon removal is expected  to  be a result of therm al 
evaporation. Above this tem p e ra tu re ,  carbonaceous material is rem oved by a n o th e r  
m echanism, namely steam -assisted  carbon oxidation. This result is once again consistent 
with th e  gas chrom atography results reported  by Tobias and co-workers^, bu t has been  
applied to  CNT loaded com posites for th e  first t im e in this study.
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Figure 6-7: Steam treated fibres were analysed by TGA. Calcination temperature was plotted against the percentage 
of the  sample not oxidised by TGA (the residual when analysed in air). The curves reveal that at temperatures of 700" C 
and above, the addition of steam to the calcination process removes more carbonaceous material.
Raman spectroscopy shows fea tu res  unique to  CNTs from samples calcined above 700° C in 
s team  (Figure 6-8), confirming th a t  CNTs remain after  th e  calcination process. Therefore th e  
carbonaceous material rem oved is predom inantly  polymer and am orphous  carbon, not 
CNTs. Samples th a t  have been s team  trea ted  above 7 0 0 °C exhibit small mass losses during 
TGA th a t  correspond to  th e  oxidation of CNTs. The oxidation tem p era tu re ,  during TGA, 
increases with th e  steam  t re a tm e n t  tem p era tu re .  For the  sample s team  tre a te d  at 800° C, 
CNTs are oxidised be tw een  600° C and 750° C in TGA. This is higher than  th e  corresponding 
TGA curve of th e  CNT w etcake material (Figure 6-2C) and shows th a t  CNTs in th e  s team  
t re a te d  fibre are now m ore resistant to  oxidation. It is though t  th a t  th e  reduction in th e  
num ber of defects (as shown in Figure 6-8) results in higher quality CNTs, th a t  a re  m ore 
resistant to  oxidation. After s team  t re a tm e n t  at 900° C, very little mass loss is observed 
through TGA. This may indicate th a t  th e  oxidation te m p e ra tu re  of CNTs is fu rther  increased 
and is above 900° C.
6.4.3. Analysis of Steam Treated Composite Nanofibres by Raman Spectroscopy
Raman spectroscopy has been discussed as a useful tool to  analyse CNTs in Chapter 3. 
Pristine CNTs will produce a spectrum  with well-defined narrow peaks and with low
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background intensity. The presence  of am orphous  carbons and o the r  impurities will 
increase pho ton /phonon  scattering, resulting in both broadening of the  peaks and an 
increase in th e  level of background scattering^^ Figure 6-8 plots th e  spectra of sam ples th a t  
w ere  steam  t re a te d  over a range of tem pera tu res .
6.4.3.1. Background Intensity
In som e cases it is good practice to  normalise the  background intensity from th e  spectra  to  
obtain a suitable baseline for sample comparison; for instance, comparing D and G band 
ratios to  calculate CNT quality will be affected by background intensity. However, in Figure 
6-8 the  background has not been adjusted, because  a key finding of th e  s team  t re a tm e n t  
process was th a t  background intensity decreases  with increasing s team  t re a tm e n t  
tem pera tu re .
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Figure 6-8: Raman spectra of steam  treated  fibres w here the  process tem peratures ranged betw een 500°C 
and 1000°C showing the  RBM, D and G peaks. The spectra have been normalised to  the  highest peak (G 
peak).
As already s ta ted , high background signals are a result of broad scattering events th a t  occur 
in am orphous carbon. Therefore Figure 6-8 depicts the  reduction of am orphous carbon with 
increasing steam  t re a tm e n t  tem pera tu re .  In
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Figure 6-9, th e  background intensity is p lotted as a function of steam  t re a tm e n t  tem p e ra tu re  
and d em ons tra tes  how th e  process is m ore  effective at higher tem pera tu re s .  The average 
background intensity was calculated from th e  m ean of 100 m easu rem en ts  over th e  range of 
1400 cm'^ to  1475 cm"\ an area in which no peaks w ere  observed and th e  signal was 
relatively constant. It should be noted  th a t  all Raman analysis conducted  here  was done 
with a 782 nm laser, with a pow er of 1%, to  ensure  th a t  the  laser did not burn am orphous 
carbon during analysis. Results indicate th a t  am orphous carbon is rem oved from CNT- 
loaded com posite  nanofibres during th e  calcination process; this occurs th rough  therm al 
evaporation a t tem p e ra tu re s  below 700° C, above this te m p e ra tu re  th e  addition of s team  
aids th e  removal of am orphous  carbon through s team  assisted oxidation. Am orphous 
carbon is expected to  originate from polymer and surfactant molecules in the  
nanocom posite  fibres. These carbon-containing molecules undergo incom plete therm al 
evaporation when calcined in a nitrogen environm ent (which is p resen t before  s team  is 
introduced in to  th e  system).
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Figure 6-9: Average background level over the  range 1400 to  1475 cm  ^ plotted against tem pera tu re  of 
steam  trea tm en t, revealing the background decreases with Increasing tem perature. This Indicates a 
reduction In the  am orphous carbon content, dem onstrating the purification effects of the  steam  trea tm en t 
process.
Steam t re a tm e n t  can selectively rem ove am orphous carbon groups, whilst CNTs are  still 
found in th e  sam ple after the  steam  t re a tm e n t  process, even at tem p e ra tu re s  at which CNTs 
would oxidise in air. This is because less energy is required to  oxidise th e  less o rdered  
carbon p resen t (am orphous and polymeric carbon), which is rem oved as carbon monoxide 
(CO) and hydrogen gas (H2). CNTs are form ed of sp^ hybridised carbon and have a higher 
degree  of order; m eaning m ore energy is required to  oxidise th em  and are the re fo re  less
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likely to  react. Results have shown th a t  a fraction of th e  steam  purified CNTs remain after 
oxidation in air at 900° C; knowing th a t  s team  purification selectively oxidises end caps and 
defects (as well as o th e r  less o rdered  carbon materials) it is hypothesised th a t  CNT oxidation 
in air occurs at areas  of high defect concentration, which have been rem oved in this 
process. Further work should investigate th e  struc tu re  of th e  remaining super-resilient 
CNTs, and carry ou t filling experim ents  with a heavy metal salt to  de te rm ine  if th e  end caps 
have been removed.
6.4.S.2. Other Effects of Reducing Amorphous Carbon Content
Reducing th e  am orphous carbon con ten t not only reduces th e  m easured  background 
intensity but also minimises th e  signal scattering, subsequently  narrowing th e  peak 
widths^^ This reveals well-defined peak splitting, seen in th e  D band and th e  G band. The 
spectra shown in Figure 6-8 highlight how this 'narrowing ' process evolves with increasing 
sample purity; as th e  s team  t re a tm e n t  te m p e ra tu re  is increased and th e  sample is fu rther  
purified, peak splitting is m ore predom inant, allowing w eaker vibrations/excitations to  be 
defined. The peak widths and positions of the  D and 2D bands are shown in Figure 6-10, as 
the  2D peak does not require a defect site to  be a Raman active m ode we can show  th e  
narrowing of th e  peaks is no t d e p e n d en t  on th e  removal of defects but on th e  removal of 
am orphous carbon.
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Figure 6-10: The full-wldth half-maximum (FWHM) (left axis) and Peak location (right axis) are plotted 
against steam  trea tm en t tem perature, for both the  D peak (A) and the 2D peak (B) m easured by Raman 
spectroscopy. FWHM and peak location both decrease with increasing steam  trea tm en t tem perature, 
indicating purification of the  CNT containing sample.
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Further analysis of th ese  peaks revealed th a t  th e  peak locations shift tow ards lower 
w avenum ber  (which is higher wavelength, known as a red shift) as s team  tre a tm e n t  
tem p e ra tu re  increases. This is shown in Figure 6-10 and suggests th a t  th e  vibrational energy 
loss th rough defect scattering has been  reduced, providing fu rther  evidence th a t  the  
samples have been increasingly m ore purified with increasing steam  baking tem p era tu re .  
The relationship be tw een  peak width and am orphous  carbon con ten t has been referred to 
in o ther  purification strategies'^.
S.4.3.3. Id/ I g Ratio
In order to  assess th e  quality of the  CNTs, with respect to  th e  level of defects p resen t in its 
wall structure , th e  intensities of the  D peak and th e  G peaks are com pared , given as a ratio 
( I d/ I g )- Steam tre a tm e n t  has been proven to  reduce th e  level of disorder in th e  sample, 
displayed in Figure 6-11, w here  th e  Iq/ I g ratio decreases  with increasing s team  t re a tm e n t  
tem p era tu re .  This result indicates th a t  s team  t re a tm e n t  increases th e  purity (with respect 
to  the  num ber  of defects) of th e  nanotubes . This increase in purity could be a result of 
removing areas of th e  CNTs with high defect concentration, such as kinks and end caps^^'^^.
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Figure 6-11: The m easured Iq/Ig ratio of steam  treated  fibres as a function of calcination tem peratu re. The 
red line illustrates the  line of best fit for the  plotted points, showing a decrease in defect concentration with 
increasing steam  trea tm en t tem perature, indicating th a t steam  trea tm en t can reduce the num ber of defects 
in the  remaining CNTs (Iq/Ig ratio of the  original w etcake appears as a dashed blue line).
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6.4.S.4. Changes in RBM Intensities
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Figure 6-12: Raman spectra showing RBM region of samples calcined at 1000° C in steam  (black) and w ithout 
steam  (red), spectra have been normalised to  the  respective peak values and had the background 
intensity removed. RBM peak ratios differ after steam  trea tm en t and indicate th a t selective oxidation of 
CNTs has occurred.
The CNTs used in this experim ent are predom inantly  SWCNTs and DWCNTs; in such 
samples, radial breathing mode(s) (RBM) and the  G-band are th e  strongest fea tu res  seen in 
the  spectra. The RBM region relates to  a circumferential vibration of the  nano tube  and is 
inversely proportional to  th e  d iam eter  of th e  nano tube . Raman analysis of th e  steam  
t re a te d  samples shows th e  presence  of RBM peaks (unique to  CNTs) proving th a t  CNTs are 
still p resent in th e  sample. However, differences in RBM peak intensities w ere  observed for 
samples t re a te d  with and w ithout steam  at 1000° C, Figure 6-12 plots th e  RBM region of the  
Raman spectra for both samples. All samples w ere  m easured  on top  of silicon substra tes , 
th e  silicon peak situated  at 521 cm'^ can be used to  correct for drift in m easu rem en ts . This is 
particularly im portan t w hen calculating CNT diam eters  from RBM peak positions, as small 
changes is peak position will change the  calculated diam eter.
From Figure 6-12, the  intensities of som e RBM peaks (which have been normalised to  the  
peak intensity) have increased after  th e  introduction of steam  at 1000° C. It should be noted 
th a t  an increase in intensity does not necessarily m ean th a t  m ore  single and double-walled 
CNTs are p resen t (in relation to  th e  total sp^ hybridised carbon material m easured  by th e  G- 
band). RBM peaks will only appear  in Raman spectra if th e  CNTs can exhibit a 
circumferential vibration, which is dam pened  by the  presence  of an am orphous  carbon 
coating. Therefore, RBM peaks will be m ore intense if less am orphous  carbon surrounds the
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CNTs. The RBM peak positions remain constant, which indicates th a t  th e  d iam eters  of the  
CNTs w ere  not affected by th e  s team  process. At a steam  t re a tm e n t  te m p e ra tu re  of 1000° C 
very little, if any, am orphous carbon is though t  to  be present, as confirmed by th e  low 
background intensity seen in
Figure 6-9. A surprising result of th e  s team  tre a tm e n t  process is th a t  no t all RBM peaks 
increase by th e  sam e factor. Steam t re a tm e n t  has already shown selectivity for the  
oxidation of less o rdered  carbon materials com pared  to  CNTs^. However, this result suggests 
th a t  som e CNTs are oxidised and rem oved during th e  s team  t re a tm e n t  process and th a t  CNT 
oxidation is not uniform over th e  range of CNT diam eters  seen in th e  RBM region of the  
Raman spectra.
These changes in the  RBM peaks w ere  evaluated for steam  tre a te d  nanocom posite  fibres 
over th e  range 500° C to  1000° C, shown in Figure 6-13A. Background signal was rem oved to  
correct for th e  presence  of am orphous  carbon. Peak intensities w ere  p lotted as a ratio of 
th e  peak found at 260 cm'^ (labelled PS), as shown in Figure 6-13B. Any changes in RBM 
peak ratios would indicate th a t  oxidation does not occur uniformly and is indeed selective to  
certain nano tube  diam eters.
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Figure 6-13: A) RBM region of Raman spectra for composite nanofibres trea ted  with steam  over a range of 
tem peratures (500°C to  1000°C). The peak intensities are normalised to  the  G* peak, all spectra have been 
background corrected. B) Relative RBM peak intensities com pared to  PS as a function of steam  trea tm en t 
tem perature; CNTs corresponding to  PS oxidise more quickly than those corresponding to  all o ther RBM 
peaks.
Figure 6-13B dem ons tra tes  th a t  th e  ratio of all o th e r  RBM peaks exhibit an increase with 
respect to  peak five (PS). Therefore, CNTs do not oxidise at the  sam e rate  and a deg ree  of
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selectivity in oxidation is seen. A nother finding is th a t  peaks th re e  and four (P3 and P4) are 
not appa ren t  before  700° C (the intensity was no t sufficiently above th e  background to  
de te rm ine  th e  presence  of peaks). This is th e  te m p e ra tu re  a t  which enough energy is 
p resen t in th e  s team  t re a tm e n t  process to  initiate s team  assisted oxidation^. The initial 
p resence  of th ese  peaks is though t  to  be a result of  a decrease  in th e  am orphous  carbon 
conten t, which had been  dam pening  th e  radial b reathing m ode  associated with CNTs of this 
diam eter. Above 700° C, P3 and P4 are  m ore  prom inen t fea tu res  of th e  RBM region, 
suggesting th a t  th e  CNT corresponding to  th ese  peaks are  far less affected by s team  
tre a tm e n t  w hen com pared  to  th o se  associated with P5. In Figure 6-13A th e  relative peak 
intensity (presented  as a ratio of G^) of P5 exhibits a maximum at 700° C (green spectrum). 
Above this te m p e ra tu re  th e  peak intensity of P5 follows a decreasing trend , as shown by th e  
spectra at 800° C (dark blue), 900° C (light blue) and 1000°C (pink). It is th ere fo re  proposed 
th a t  CNTs corresponding to  P5 are  oxidised above 700° C and are  m ore susceptible to  steam  
assisted oxidation in comparison with o th e r  CNTs.
RBM peak positions are  inversely proportional to  n ano tube  d iam eters  and hence  selective 
oxidation of specific nano tube  d iam eters  has been  shown. N anotube d iam eters  w ere  
determ ined  using th e  formula proposed  by Dresselhaus et al. for bundles o f  nanotubes^° 
which is accurate  for CNTs in th e  d iam eter  range of 1-2 nm. RBM peaks of  CNTs with 
d iam eters  above 2 nm are  not m easureab le  with th e  Raman Spec trom eter  used. RBM peaks 
will only ap p ear  if th ey  are  in resonance  with th e  laser energy used, as se t  ou t  by th e  
Kataura p lo t^ \  Table 6-3 calculates th e  nano tube  d iam eters  for all peaks in th e  RBM region 
using this formula.
Peak n u m b er RBM peak  location (cm'^) N an o tu b e  d ia m e te r  (nm)
PI 159 1 .57±  0.02
P2 204 1 .21+  0.02
P3 224 1 .09+  0.02
P4 230 1 .06+  0.02
P5 264 0 .9 2 +  0.02
Table 6-3: Using th e  formula proposed by Dresselhaus and co-workers , the  five RBM peaks found in steam  
trea ted  CNT nanocom posite fibres are calculated to  determ ine nanotube diam eters.
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CNT diam eters  of 1.57 (PI) and 0.92 +  0.02 nm (PS) are  within th e  margin of erro r  of being 
th e  ou te r  and inner walls of a double walled CNT. The spacing be tw een  CNT walls is 
assum ed to  be c-axis spacing of graphite, 0.334 nm and th ere fo re  an o u te r  wall o f  a DWCNT 
will be twice this distance (0.668 nm^^) plus th e  d iam ete r  of th e  inner wall. However, RBM 
peak intensities do not follow th e  sam e  trend  w hen  s team  trea ted .  N anotubes with the  
smaller of th e s e  tw o  d iam eters  are  preferentially oxidised. The inner wall of a DWCNT is not 
expected to  preferentially oxidise over th e  o u te r  wall and hence  th e  RBM peaks 
corresponding to  CNT wall d iam eters  of 1.57 nm and 0.92 nm are  not tw o  walls in th e  sam e 
nano tube . It is expected th a t  CNTs with a d iam ete r  of 0.92 nm are  p resen t as SWCNTs. CNTs 
with a d iam ete r  o f  1.57 nm cannot be classed as SWCNTs from th e  da ta  obtained  as an 
ou te r  wall would have a d iam eter  of approximately 2.24 nm, corresponding to  114 c m ' \  
which is below th e  m easurable  threshold  of th e  sp ec tro m e te r  used.
From th ese  calculations and th e  change in RBM peak intensities, it has been  de te rm ined  
th a t  nano tubes  with a d iam eter  of 0 .92nm are  SWCNTs and are  preferentially oxidised w hen 
com pared  to  o th e r  CNTs th a t  exhibit RBM peaks. None of th e  o th e r  RBM peaks can be 
categorically assigned as SWCNTs because  of  th e  limitations of th e  Raman sp e c tro m e te r  
used. Therefore, w e  are  unable to  de te rm ine  if s team  t re a tm e n t  exhibits selective oxidation 
of one  type  of SWCNT over ano ther , but have shown a preferential oxidative behaviour 
tow ards  certain CNTs. It may be of in terest to  carry ou t  fu rther  work with a Raman 
sp ec tro m e te r  able to  de tec t  RBM peaks below 150 c m ' \  as well as using different laser 
energies to  p robe  o th e r  types of CNTs th a t  may be p resen t  bu t are  no t resonan t  with th e  
laser used in this study. Analysing CNT loaded com posite  nanofibres using Raman 
spectroscopy over a range o f  laser energies would also be of in terest to  d e te rm ine  if 
selectivity is seen  for o th e r  nano tube  diam eters.
6.4.4. SEM and EDX Analysis of Steam Treated Composite Nanofibres
Although s team  t re a tm e n t  has successfully shown th e  selective removal of carbonaceous  
materials from th e  polymer and surfactant, it canno t rem ove th e  ionic groups p resen t  in th e  
surfactant. W hen analysing th e  samples by SEM an energy dispersive X-ray (EDX) d e te c to r  
was used and revealed th a t  th e  s team  t re a tm e n t  of  th e  fibres has rem oved th e  majority of
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th e  polymer material, leaving th e  nano tubes  in an aligned array (despite som e warping from 
th e  hea t  trea tm en t) .  EDX was em ployed to  analyse th e  e lem ental composition of the  
sample, with th e  aim of analysing any residual surfactan t material p resen t in th e  samples.
Figure 6-14: SEM image (20 kV) displaying spherical microparticles and o ther crystallite residues on a CNT 
composite nanofibre steam  trea ted  a t 900° C. Points 1 to  5 indicate areas th a t have been analysed by energy 
dispersive X-ray (EDX) analysis. Samples w ere m ounted on a silicon substrate with TiN sputtered  layer 
(30nm).
Figure 6-14 depicts a large num ber  of con tam inan t particles p resen t in th e  s team  t re a te d  
fibres. This is due  to  th e  large am oun t  of surfactan t used in o rder  to  disperse th e  CNTs 
before electrospinning can occur. The EDX results of th e  five points shown are displayed in 
Table 6-4.
Point C(at%) 0  (at %) Na (at %) Si (at %) P (at %) Ca (at %) Ti (at %)
1 6.7 51.0 24.6 16.8 0.4 0.1 0.4
2 10.4 57.1 14.7 16.8 0.4 0.1 0.4
3 7.1 46.4 11.2 33.4 1.0 0.3 0.5
4 6.1 47.8 11.3 32.8 1.1 0.3 0.5
5 11.9 43.3 10.3 32.8 1.0 0.3 0.5
Table 6-4 -  This table reports th e  results obtains from th e  EDX analysis of th e  points labelled in Figure 6-13 
and show a large am ount of sodium contam ination from the  SDBS, sodium is m ost likely to be presen t as 
sodium carbonate.
Some carbon de tec ted  in this analysis will arise from th e  presence  of CNTs; o th e r  
carbonaceous groups (polymer and am orphous carbon) have been rem oved during th e  high 
te m p e ra tu re  (900° C) steam  t re a tm e n t  process. Another source of carbon is expected  from 
th e  production of sodium carbonate , through s team  assisted reactions with th e  surfactant. 
No sulfur was seen in the  EDX data but is expected to  remain, as shown from TGA analysis. It
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is th ere fo re  proposed  th a t  s team  t re a tm e n t  does  not react with th e  surfactant, SDBS, in th e  
sam e way as in air. The lack of sulfur de tec ted  in EDX analysis suggests th a t  th e  w a te r  
vapour has reacted  with th e  sulfur containing groups left on th e  fibres and has subsequently  
rem oved them , through th e  production of SO2 gas for instance.
Figure 6-14 reveals th a t  th e  large spherical particles (points 1 and 2) which have th e  high 
concentrations of sodium and oxygen p resen t in th e  sampie. Therefore, although sulfur has 
been rem oved, sodium remains as a major source of contam ination. EDX resuits suggest 
th a t  th e  com pound  contains sodium, oxygen and possibly carbon; th e  com pound  is 
expected to  be sodium carbonate . Titanium and th e  majority of th e  silicon d e tec ted  are 
expected to  be from th e  substra te  th a t  th e  sam ple has been  m ounted  on for s team  
trea tm en t.  The thin layer o f  titanium  is p resen t as spu tte red  titanium  nitride, which is a 
dense  material th a t  acts as a buffer layer be tw een  th e  silicon substra te  and th e  s team  
calcined composite. This was used to  avoid chemical reaction taking place be tw een  th e  tw o 
materials w here  silicon was seen  to  diffuse into th e  sample; th e  sam e titanium  buffer layer 
has been  shown to  avoid chemical reactions in th e  CNT growth processes^^. Alternatively 
ceramic subs tra tes  can also be employed for th e  s team  t re a tm e n t  process; th e se  to o  w ere  
found to  avoid any reaction be tw een  th e  subs tra te  and th e  sample. W hen imaging a t high 
magnification, carbon nano tubes  can be seen  within th e  s team  t re a te d  fibre samples, 
qualitative proof th a t  th e  nano tubes  are  not oxidised during th e  procedure, supporting th e  
Raman data  obtained.
The presence  of large deposits  of sodium ca rbona te  is a problem for fu tu re  applications of 
th e  material, hindering both electron tran spo rt  and reducing active CNT surface area. Two 
m ethods  of eliminating th ese  particles from th e  product are  proposed; 1) use a su rfac tan t 
which can be entirely rem oved during th e  s team  t re a tm e n t  process, or 2) dissolve th e  
con tam inan t particles using an acid t re a tm e n t  step. SDBS has proved to  be th e  best 
surfactan t for obtaining high CNT concentrations in polymer dispersions (when using th e  
Elicarb CNT wetcake), which rem ained stable w hen blended with PEO for th e  
electrospinning alignment process. Therefore, a post processing acid dissolution s tep  has 
been proposed. The material was exposed to  concen tra ted  hydrochloric acid (70%) for 5 
minutes and w ashed  with deionised w a te r  in triplicate in an a t te m p t  to  rem ove th e  sodium
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carbonate  contam inants. This was carried ou t on th e  initial subs tra te  as it was feared th a t  
removing th e  fibres may dam age them . Figure 6-15 displays th e  results before and after the  
initial acid washing procedure.
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Figure 6-15 -  SEM images (10 kV) of a steam  treated  composite nanofibres containing sodium carbonate 
particles (left) and after an initial acid washing procedure (right); results indicate th a t sodium carbonate can 
be dissolved but the  acid washing procedure is not sufficient to  rem ove contam inants and m ust be 
improved.
After acid washing, CNTs are  still p resen t but th e  con tam inan t particles have not been 
rem oved. However, the  particles have undergone a chemical change as indicated by th e  
change in shape  from spherical to  cubic. It is though t  th a t  th e  sodium carbonate  particles 
p resen t have reacted  with th e  hydrochloric acid and produced sodium chloride. The sodium 
chloride has then  not been sufficiently rem oved in th e  subsequen t  washing s teps and has 
crystallised on the  surface, indicating th a t  m ore washing cycles or a m ore rigorous 
p rocedure  should be im plem ented.
A m ore rigorous acid washing procedure  was adop ted  to  fully rem ove all sodium-containing 
particles. Steam tre a te d  fibres (calcined in a ceramic boat ra the r  than  on silicon substra te)  
w ere  im m ersed in concen tra ted  hydrochloric acid (36%) and left for ten  m inutes and stirred 
intermittently. The sample was then  placed in deionised w a te r  and w ashed; this was 
repea ted  3 tim es before filtering in deionised w a te r  to  rem ove all acid from th e  sample. The 
s team  t re a te d  fibres m aintained their  shape  th roughou t  th e  acid washing process, indicating
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th a t  this process could be feasible in an industrial setting. SEM analysis was carried ou t  on 
th ese  fibres, as shown in Figure 6-16.
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Figure 6-16: SEM images (20 kV) displaying steam  calcined SDBS-CNT fibres after rigorous acid washing 
process to  remove sodium-containing contam inants. Spherical microparticles are em bedded in th e  fibre and 
require EDX to  determ ine elem ental composition.
Significant im provem ent is observed in th e  contam ination levels seen of th e  calcined fibres, 
as no crystallite material is apparen t,  but som e spherical particles remain. These particles 
are not limited to  surface contam ination but are p resen t  th roughou t  th e  layers of the  
fibrous sample. SEM analysis revealed th a t  high contras t particles, similar to  th o se  seen  on 
th e  surface, are  de tec ted  undernea th  layers of th e  material. As th ese  particles run through  
th e  sam ple and are not only found on th e  surface, it can be deduced  th a t  th ese  
con tam inants  w ere  not picked up in th e  acid washing or th e  s team  t re a tm e n t  processes  and 
th a t  they  m ust be p resen t during or after  th e  electrospinning process. However th e  
con tam inants  may change in s truc ture  a n d /o r  shape  during th e  s team  t re a tm e n t  process as 
a result of th e  high tem p e ra tu re s  they  are exposed to. This m eans th a t  they  will no t a p p e ar  
as spherical s truc tures  before  the steam  t re a tm e n t  process and hence are not de tec tab le .  
EDX analysis was carried out on th e  spherical particles and over an area of th e  s team  
tre a te d  fibre with no spherical particles, shown in Table 6-5.
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Sam ple C (At%) 0  (At%) Na (At%) Si (At%) S (At%)
Spherical Particles 56.5 38.9 <0.1 8.7 0.2
S team  t r e a te d  fibre 98.9 <0.1 0.4 0.3 0.3
Table 6-5: EDX results of steam  trea ted  composite nanofibres after Improved acid washing procedure 
confirm th a t sodlum-contalning contam inants have been successfully removed. EDX determ ines th a t 
spherical particles are m ost likely to  be silica, which Is thought to  be from th e  poly(dlmethylslloxane) 
(PDMS) release paper used In th e  electrospinning process. All elem ental concentrations are expressed In 
atomic percent, the  Imaged fibre overhangs th e  substra te  and hence no signal has been detected  from the 
substrate used (SEM stub).
EDX analysis of an area of th e  fibre th a t  contains no spherical particles supports  th e  
hypothesis th a t  sodium carbonate  con tam inants  are  rem oved after  a rigorous acid 
t re a tm e n t  procedure, with only small am oun ts  o f  sodium de tec ted  after  th e  procedure . The 
spherical particles, th a t  have survived acid washing, are identified as silicon dioxide, from 
th e  increased levels of both silicon and oxygen d e tec ted  by EDX. Carbon is no t expected  to  
be within th e  particle but is de tec ted  from th e  surrounding area of th e  fibre. These small 
particles are  th o ugh t  to  have originated from th e  release paper  used in th e  eiectrospinning 
process. A releasing agent is used to  aid th e  removal of com posite  nanofibres from th e  
paper  th a t  th ey  a re  spun on to. This release agen t is normally polydimethylsiloxane (PDMS), 
th e  hypothesis is th a t  som e of this PDMS is transferred  to  th e  fibres (in its polymeric form) 
and upon s team  t re a tm e n t  spherical silica s truc tures are  form ed. A different releasing agen t 
may be used for fu tu re  studies, polytetrafluoroethyiene (PTFE) is suggested  as this polymer 
is carbon based and should be fully rem oved in th e  s team  t re a tm e n t  process, in th e  sam e  
way th a t  polymer removal has been shown for PEO.
No sulfur w as seen  in th e  EDX data  of CNT loaded fibres after  s team  t re a tm e n t  a t  900° C. In 
an oxidative a tm osphere ;  sulfur (present in th e  surfactant) is expected  to  remain as shown 
from TGA analysis (Figure 6-5).The lack of sulfur de tec ted  in EDX analysis suggests th a t  th e  
w a te r  vapour has reacted  with th e  sulfur containing groups left on th e  fibres and has 
subsequently  rem oved them . To confirm this. X-ray pho toelectron  spectroscopy (XPS) 
should be undertaken  to  confirm th e  removal of sulfur from th e  sample.
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6.4.5. XPS of Steam Treated Nanocomposite Fibres
X-ray photoelectron  spectroscopy (XPS) was carried out on CNT-loaded nanofibres th a t  w ere  
un trea ted  (as received from th e  eiectrospinning process) and steam  t re a te d  a t  900° C. By 
comparing sulfur concentrations of th ese  tw o samples a m ore detailed unders tanding  of the  
steam  t re a tm e n t  process can be gained.
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Figure 6-17: XPS spectra of untreated  nanofibres (black) and nanofibres steam  trea ted  at 900° C (red) 
showing A) survey spectra over the  binding energy range of 0 to  1150 eV, th e  peaks of interest have been 
labelled with the corresponding photoelectron or Auger transition. B) High resolution analysis of the  sulfur 
2p region, results indicate th a t sulfur is removed from the  sample upon the addition of steam  at high 
trea tm ent tem perature (900° C).
The sulfur 2p/, peak for SDBS has been shown to  be p resen t at a binding energy of 168.7 
eV^\ In o rder  to  gain comparative results for each sample all spectra w ere  normalised to  the  
intensity of th e  sodium Auger peak (Na KLL, labelled in Figure 6-17A) and cen tred  at 264.0 
eV. The sodium Auger peak arises from internal electron transitions in th e  sodium shell and 
th e  position of th e  peak is less d e p e n d en t  on th e  oxidation s ta te  of th e  e lem ent, unlike 
o the r  p rom inent photoelectron  peaks such as th e  oxygen Is  or carbon I s  peaks. It should be 
noted  th a t  XPS is an extremely surface sensitive techn ique and will th e re fo re  only indicate 
relative concentrations of e lem ents  p resen t at th e  surface of a sample, and is not 
necessarily indicative of th e  e lem ental composition through th e  sample. XPS indicates th a t  
the  sulfur concentration has decreased  (relatively to  th e  sodium concentration) after  s team  
t rea tm en t.  This indicates th a t  sulfur is preferentially rem oved from th e  com posite  in 
relation to  sodium and supports  th e  hypothesis th a t  a different oxidative pa thw ay is 
available for th e  removal of sulfur w hen steam  is introduced at high tem p e ra tu re s ,  which is 
not available w hen calcined in air. This is a deviation from th e  TGA results, repor ted  in
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Figure 6.5, m eaning th a t  no t all sodium p resen t in t re a te d  fibres can be p resen t  at sodium 
hydrogen sulfate as expected  from therm ogravim etric  analysis and som e is instead 
expected to  be p resen t  as sodium carbonate .
6.5. Summary of Steam Treatment of Composite Nanofibres
Steam t re a tm e n t  of aligned electrospun carbon nan o tu b e  loaded nanofibres has been  
dem ons tra ted  to  selectively rem ove carbonaceous impurities and polymeric material, 
leaving highly aligned sheets  of high quality carbon nano tubes . Raman spectroscopy and 
therm ogravim etric  analysis have shown th a t  s team  t re a tm e n t  can reduce  both am orphous  
carbon con ten t  and rem ove areas  of CNTs with a high concentration of defects, leading to  
very low defect concentra tions  m easu red  by Raman spectroscopy.
Some CNTs in s team  t re a te d  com posite  nanofibre sam ples are  m ore resis tant to  oxidation. 
The oxidation te m p e ra tu re  in air increased with s team  t re a tm e n t  tem p e ra tu re .  In sam ples 
th a t  have been  s team  t re a te d  at tem p e ra tu re s  of 900° C, CNTs remain after  
therm ogravim etric  analysis in air. For CNTs to  survive a t  this te m p e ra tu re  in an oxidative 
environm ent, th e  oxidation te m p e ra tu re  m ust be dramatically increased from 5 5 0 °C to  over 
900° C. This result is addressed  in section 6.6.
Results from Raman spectroscopy illustrate a change in RBM peak intensities, which 
suggests th a t  s team  t re a tm e n t  can selectively oxidise different types of  carbon nano tubes , 
bu t  no link be tw een  selectivity and semiconducting o r  metallic CNTs has been  deduced , 
fu rther  research is outlined to  address this, in Chapter 7. The surfac tan t used to  d isperse  
CNTs, SDBS, has been shown to  leave sodium-containing residue after  th e  s team  t re a tm e n t  
process. This can be rem oved from th e  resu ltan t nanofibres by an acid washing procedure , 
in which aligned sheets  of CNTs are  maintained.
These processing s teps  have led to  higher quality aligned carbon nano tube  sheets  th a t  have 
th e  potential to  be superior to  fibres in m any dem anding  applications. The removal of 
polymer (and impurities from th e  CNTs) will increase both th e  conductivity and surface area.
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We envisage their  fu ture  application in areas such as advanced electronics, charge storage 
and next generation  composite  materials.
6.6. Calcination of Steam Treated CNT Wetcake in Air
Steam t re a tm e n t  of CNT-loaded nanofibres has led to  increased oxidative resistance of the  
remaining CNTs in air. To prove th a t  this result could be achieved w ithout th e  presence  of 
polymer and surfactant material, which could pro tec t  the  CNTs, th e  sam e process was 
applied to  industrially produced CNT "wetcake". Steam tre a tm e n t  was carried ou t  in the  
sam e m anner  th a t  has been previously reported . The resultant purified material was then  
hea ted  to  900° C in air to  de te rm ine  if increased oxidative resistance has been  achieved. 
Raman spectroscopy was carried ou t on the  material left after this s tep  and confirmed the  
presence  of CNTs, th rough th e  characteristic peaks {RBM, D and G peaks), shown in Figure 
6-18.
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Figure 6-18: The Raman spectrum  obtained from steam  trea ted  wetcake (900° C) after calcination In air at 
900° C. The presence of CNTs after calcination In air a t 900° C shows a dramatic Increase In oxidation 
resistance due to  the  steam  trea tm en t process. The spectrum  Is Indicative of single or double walled carbon 
nanotubes with very high purity Is relation to  both am orphous carbon content and num ber of defects. Peak 
Intensities have been normalised to  the maximum of the peak, and to  the  silicon peak at 521 cm \
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This proves th a t  som e CNTs in s team  t re a te d  samples are  resistant to  oxidation in air at 
tem p e ra tu re s  up to  900° C, a marked im provem ent on th e  oxidation te m p e ra tu re  of th e  
w etcake material (oxidised at 550° C). This suggests th a t  s team  t re a te d  CNTs are  of high 
enough purity to  be considerably m ore  resis tant to  oxidation. Conditions for Raman 
spectroscopy w ere  th e  sam e  as previously reported  in this study. It should be no ted  th a t  th e  
intensity of th e  highest RBM peak is o f  similar o rder  to  th e  peak, indicating th a t  a large 
majority of th e  sp^ hybridised carbon material de tec ted  (in th e  G band) is from CNTs th a t  
exhibit RBM peaks (and are  the re fo re  single or double-walled).
The majority of CNTs w ere  oxidised during th e  calcination process, m eaning th a t  this 
t re a tm e n t  is not yet suitable for a commercial setting; bu t this ou tcom e is still of grea t 
significance due to  th e  low defect concentration of th e  CNTs th a t  do remain (Id/ Ig= 0.033) 
and elevating th e  oxidation te m p e ra tu re  of th e  CNTs by over 350° C, from 550° C to  beyond 
900° C.
RBM peaks are  located a t  145 cm'^ and 253 cm'^ and correspond to  CNT d iam eters  of 
1.73nm and 0.96nm ±  0.02 nm. The tw o  d iam eters  m easured  expected  to  be to o  far apart  
for th ese  to  be th e  inner and o u te r  walls of a DWCNT (the distance be tw een  walls would be 
0.385 nm). Singh e t al. report  th a t  th e  interlayer spacing can reach this value w hen  a high 
concentration of  defects are  present,  but a t  low defect  concentrations (which Raman 
spectroscopy shows th ese  CNTs have) th e  interlayer d istance is expected  to  be closer to  th a t  
a graphite  (0.34 nm). Therefore, it is expected  th a t  th e  tw o  peaks observed are  not th e  inner 
and o u te r  wall of a DWCNT and th a t  m ore than  one  type of CNT has exhibited th e  increased 
oxidative resistance.
W hen cross referencing th ese  CNT d iam eters  with th e  Kataura plot (knowing th e  laser 
energy of 1.58 eV) CNTs with a d iam eter  of 0.96nm are  shown to  be sem iconducting (5 2^2) 
and th o se  th a t  are  1.73 nm are metallic {E^n). This fu rther  supports  th e  hypothesis th a t  
m ore than  one  type of CNT has shown increased oxidation resistance after  s team  t re a tm e n t  
and in addition suggests th a t  it is not a p reference  to  oxidise e ither  sem iconducting or 
metallic carbon nanotubes . It is the re fo re  proposed  th a t  resistance to  oxidation is a result of 
th e  low num ber  of  defects p resen t in th e  CNTs. For this to  be th e  case, s team  t re a tm e n t
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must rem ove defects w ithout affecting th e  rest of the  CNT. It is still unknown as to  why 
steam  t re a tm e n t  does  not do this for all CNTs. There may be a critical defect density below 
which CNTs will no t oxidise in air (up to  tem p e ra tu re s  of 900° C) which is only reached for a 
small num ber  of CNTs using s team  t rea tm en t.  Future work should focus on exploring 
w h e th e r  a higher fraction of CNTs can be steam  purified in o rder  to  make th em  resistant to  
oxidative attack at 900° C or m aybe even higher tem pera tu re s .  These super-CNTs are  of 
extremely high quality and have the  potential for th e  use as electron tran spo rt  materials, 
th e  study of such materials will be of high academic interest.
6.7. S team  T re a tm e n t  of PT-CVD Grown CNTs
The steam  tre a tm e n t  process has been applied to  CNTs grown on silicon substra tes  via a PT- 
CVD m ethod, similar to  th a t  outlined in Chapter 5. These CNTs have been grown on a silicon 
substra te  with spu tte red  layers of titanium nitride and aluminium be tw een  th e  silicon 
substra te  and catalyst. The catalyst is spu tte red  as a thin film on top  of th ese  layers, before  
being annealed  in th e  PT-CVD cham ber  to  produce small iron nanoparticles. Annealing 
occurs before  th e  carbon source is introduced in to  th e  cham ber  and CNT growth is 
initiated. W hen iron is deposited  on aluminium, as is th e  case under th ese  growth 
conditions, CNT growth will p ropagate  by a tip growth m echanism.
Samples w ere  placed in th e  quartz tu b e  of th e  furnace and purged with nitrogen. As before, 
th e  cham ber  was hea ted  to  the  set tem p era tu re ,  in this case 900° C, before  s team  was 
introduced in to  th e  cham ber. These conditions w ere  held for 3 hours, before  s team  was 
rem oved and the  cham ber  was allowed to  cool to  room te m p e ra tu re  in nitrogen. By 
applying th e  steam  tre a tm e n t  process to  CVD grown CNT forests we hope to  show  a 
reduction in am orphous-carbon con ten t  and Id/Ig ratio im provem ent (reduction in defect 
concentration) whilst keeping the  CNTs on th e  original subs tra te  surface. Purification of 
CNTs on th e  original substra te  surface is beneficial for applications such as CNT based 
sem iconductor devices, in which the  subs tra te  forms part of th e  active device^^. Figure 6-19 
displays th e  results of Raman spectroscopy of th e  CNT sam ple before and after s team  
trea tm en t.
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Figure 6-19: Raman spectroscopic analysis of PT-CVD grown CNTs on a silicon substrate before (red) and 
after (black) steam  trea tm en t was carried out on the  sample. The broad background signal and lozlc ratio 
have decreased signalling a decrease In am orphous carbon and num ber of defects present In the  sample.
Raman analysis confirms th a t  CNTs can be purified by s team  tre a tm e n t  in te rm s  of both the  
reduction in am orphous carbon con ten t and num ber  of defects present. Applying the  
m ethod se t ou t in this chap ter  to  CNTs on th e  initial growth substra tes  is beneficial for 
applications th a t  require vertically aligned forests of CNTs such as in sem iconductor  devices. 
However, observations of the  CNT forest by SEM after s team  tre a tm e n t  w ere  unexpected. 
Before submitting th e  CNT sample to  th e  steam  t re a tm e n t  procedure  the  CNTs ap peared  as 
a uniform forest across the  subs tra te  surface. However, a fter  s team  t re a tm e n t  th e  CNTs 
have been "densified", in a similar way to  th a t  observed in solvent evaporation studies^^ 
However, unlike th a t  study, results show th a t  s team  has oxidised th e  ends of th e  nano tubes  
and has led to  large agglom erate  particles of catalyst at th e  tip of each bundle.
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Figure 6-20: SEM images of steam  trea ted  CNT array grown by PT-CVD m ethod on the  original growth 
substrate a t A) x l50 magnification, showing densification across the  sample and B) xlOk magnification, 
showing an agglomerate cluster and the tip of a bundle of densified CNTs.
After s team  tre a tm e n t ,  small bundles of CNTs can be seen with an agglomeration of 
particles at th e  top  of each bundle. These particles are though t  to  be iron, from th e  catalyst, 
which as discussed will be found a t  the  top  of th e  CNT forest after growth. EDX confirms 
th a t  th ese  particles contain iron, m ost likely to  be p resen t as an oxide, a fter  th e  array has 
com e into contac t with s team  (shown in Table 6-6).
Element Particles 
(Atomic %)
CNT bundle 
(Atomic %}
Carbon 69.1 81.8
Oxygen 18.5 3.1
Iron 1.7 <0.1
Aluminium 0.3 0.2
Titanium 0.2 0.1
Silicon 10.2 14.7
Table 6-6: EDX was carried out on CNT bundles and on the  particles found at the  top  of each of these 
bundles and show th a t the agglom erate particles are iron based (most likely present as iron(lll) oxide. 
Elemental concentrations are reported in atomic percent.
EDX results w ere  obtained  from tw o points of th e  sam e  CNT bundle; one  on th e  
agglom erated particles at th e  tip of th e  bundle and one  elsew here  on th e  CNT bundle. This 
was carried ou t to  de te rm ine  th e  difference in elem ental composition and clarify w h a t  th e
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particles were. Aluminium, titanium and silicon are all p resen t as a result of th e  large 
interaction volume of th e  electrons, m eaning th a t  X-rays are em itted  from th e  subs tra te  
layers. The e lem ents  w ere  p resen t as aluminium oxide, titanium nitride and silicon with a 
thin silicon oxide layer. It is expected th a t  carbon levels are reduced w hen  analysing the  
particles (com pared to  th e  CNTs) and there fo re  th e  major differences b e tw een  th e  two 
collected data  sets  are th e  iron and oxygen conten t. Iron is clearly p resen t in th e  particles 
and th e  low concentration  analysed is due  to  th e  large interaction volume. Significantly, 
even w hen assuming all iron is p resen t as iron(lll) oxide (FeiOg), th e re  is a large excess of 
oxygen de tec ted .  One possible hypothesis for this is th a t  w a te r  is still p resen t a t  th e  tips 
after th e  s team  t re a tm e n t  process. If this is th e  case then  the  steam  t re a tm e n t  p rocedure  
may need to  be adap ted  to  avoid any w a te r  being in th e  cham ber  during th e  cooling phase. 
A solution to  this would be to  maintain e levated tem p e ra tu re s  for a prolonged period after 
steam  introduction was stopped.
After CNT growth, each catalyst particle will be covered in graphitic and am orphous  
carbons, for th e  particles to  agglom erate  (as displayed above) this carbon material m ust be 
rem oved. Therefore, steam  t re a tm e n t  has successfully rem oved carbonaceous materials 
from th e  CNT forest. This supports  th e  findings from this study of CNT loaded nanofibres 
and from th e  work of Tobias et th a t  s team  t re a tm e n t  can rem ove am orphous  carbon 
and sp^ hybridised carbon, with defects, as would be found at th e  nano tube  caps. The CNTs 
are still p resen t after  s team  t re a tm e n t  and it can th ere fo re  be said th a t  s team  t re a tm e n t  
does not oxidise CNTs and has selectivity for lesser o rdered  carbons th a t  require less energy 
for oxidation to  occur. The catalyst particles are not expected to  have a carbon shell 
surrounding them  after th e  s team  t re a tm e n t  process, th ere fo re  removing th e  particles 
should be straight forward when exposing the  sample to  hydrochloric acid. However in 
doing so th e  CNTs may bundle m ore than  already seen or be rem oved from th e  substra te . 
Only CNTs grown via a tip growth m echanism have been steam  tre a te d  in this s tudy so far 
and CNTs grown via a base growth mechanism may be advan tageous as th e  catalyst is not 
expected to  cause CNT bundling in th e  sam e way.
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There are a num ber  of hurdles to  overcom e in this process, namely th a t  th e  catalyst 
particles agglom erate  at th e  top  of CNT forests  and cause bundling of th e  CNTs. Future work 
in this area should include carrying ou t th e  process of CNTs grown via a base growth 
m echanism to  de te rm ine  if bundling still occurs due  to  solvent effects from th e  s team , or if 
the  major cause of bundling is the  agglomeration of catalyst particles a t  th e  top  of the  
forest.
6.8. Summary of Steam Treatment of Other Carbon Nanotube Products
In addition to  s team  trea ting  CNT-loaded com posite  nanofibres, th e  s team  tre a tm e n t  
process has been applied to  industrially grown CNT "wetcake" and PT-CVD grown CNTs th a t  
are a ttached  to  th e  original growth substra te . The removal of am orphous carbon and the  
reduction of defects have been shown and support the  research carried ou t  in this chapter. 
An increase in oxidation tem p e ra tu re  for steam  tre a te d  CNTs has been  shown to  occur in 
both CNT-loaded nanofibres and CNT "wetcake" products. Extending this s team  t re a tm e n t  
process to  industrially grown CNTs has grea t potential to  produce large quantities of super 
resilient CNTs, which can survive oxidation at tem p e ra tu re s  up to  900° C.
The formation of iron-containing agglom erate  particles at the  ends of PT-CVD grown CNTs 
provides evidence th a t  am orphous carbon and th e  defective end caps of CNTs can be 
rem oved by s team  trea tm en t.  W ithout th e  removal of th e  end caps th e  catalytic iron 
nanoparticles, which are contained within th e  CNTs, could not agglom erate  at th e  end of 
CNT bundles.
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7 Conclusions and Future Work
Novel m ethods  of carbon nano tube  synthesis, decoration and purification have been 
explored th roughou t  this project. All synthesis routes have been designed to  be facile and 
scalable, ready for industrial commercialisation.
7.1 Decoration of Magnetic Iron Nanoparticles on CNTs
Decoration of multi-walled carbon nano tubes  (MWCNTs) with iron rich m agnetic particles 
using an iron containing organometallic com pound has been reported . The com pound used 
has not been studied for such applications before and has interesting properties  th a t  have 
not been seen with o the r  similar com pounds. The resultant nanoparticles can be 
synthesised in a one  step reaction, at low tem p e ra tu re s  (250° C), attach to  preform ed CNTs 
and simultaneously produce a protective coating th a t  surrounds th e  particles.
The synthesis process was carried ou t in a tu b e  furnace in an inert (nitrogen) environm ent 
at a tm ospheric  pressure. The decomposition te m p e ra tu re  and route  of th e  com pound 
studied have been described and are  pa ram oun t  to  th e  results obtained. Characterisation of 
the  resultant nano-hybrid material shows th a t  iron-rich nanoparticles have decora ted  the  
surface of th e  preform ed carbon nanotubes . The particles are shown to  be covalently 
a ttached  to  CNTs, and it is p roposed th a t  th e  formation of radicals in th e  decom position of 
the  com pound causes this.
All nanoparticles analysed have exhibited a carbonaceous shell, which can be graphitic or 
am orphous, depending on synthesis conditions. Graphitisation of th e  shell is a clear 
indication th a t  the  nanoparticles are catalytically active at th e  tem p e ra tu re s  used. 
Subsequently  graphitic carbon coatings display increased protective ability of th e  encased 
nanoparticles.
The magnetic com posite  was exposed to  air for long periods (months) and subjec ted  to  
highly concen tra ted  acid (hydrochloric acid) and analysed before  and after  th e s e  steps. 
Nanoparticles w ere  shown to  resist oxidative attack in air and acid dissolution, with higher
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synthesis tem p e ra tu re s  resulting in increased protective ability. The nano-hybrid material 
was also exposed to  an oxidising acid (nitric acid) in a procedure th a t  has been used to  
oxidise carbon nanotubes . It was shown th a t  th e  hybrid material could be successfully 
functionalised to  incorporate  oxygen containing groups on th e  surface on the  material using 
concen tra ted  nitric acid, som e magnetic particles remain after  this t re a tm e n t ,  illustrating 
the  excellent protective ability of th e  carbon shell. Further research will be required to  hone 
this process and maintain th e  maximum num ber  of magnetic  particles. The rigorous testing 
undertaken provides evidence th a t  the  material can w ithstand processing procedures  th a t  it 
might experience in fu ture  applications.
The material has shown promise for th e  removal of organic materials from solution, 
beneficial in areas such as w a te r  purification. It was shown th a t  rhodam ine B, a well known 
organic dye, could be absorbed  by th e  material through a num ber  of molecular interactions, 
including n-stacking through overlap of th e  p-orbitals in th e  CNTs and the  rhodam ine 
molecule. Rhodamine is subsequently  rem oved from solution using th e  m agnetic ability of 
the  material. The hydrophobic interactions shown for a chemical dye could be transferred  to  
such applications as w a te r  purification and oil recovery.
7.1.1 Future W ork
Future work in this area should focus on testing applications of the  nano-hybrid material, as 
the  studied adsorption of rhodam ine B in aqueous  solutions has been shown and assessed 
by UV-vis. The maximum adsorption capacity of th e  material should be characterised, with 
and w ithout th e  aid of sonication. Investigations in to  th e  adsorption potential of o ther  
organic materials, such as solvents and oil-based products are of academ ic and industrial 
interest^.
At present, the  material is form ed of discrete nano-hybrid particles, which could lead to  
contam ination w hen applied to  areas such as w a te r  purification. Research into combining 
the  material produced in to  larger structures should be investigated. Eiectrospinning of th e  
material to  produce highly aligned magnetic com posite  fibres has been shown are  should be 
expanded upon. An alternative to  eiectrospinning to  obtain large area s tructures  could be 
the  production of hydrogel and aerogel based magnetic hybrid materials^. In o rder  to  do this
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a CNT-reduced g raphene  oxide (RGO) co-com posite  could be synthesised. Using the  
knowledge gained from this thesis, th e  sam e m ethod  could be applied to  synthesise a 
m agnetic nanoparticle-RGO based nano-hybrid material. This type of material has been 
synthesised^ but this m ethod  would allow improved protective ability of th e  nanoparticles 
and s tronger bonding of th e  nanoparticles to  th e  RGO structure.
Research in this thesis has shown th a t  graphitisation and protective ability of th e  carbon 
shell varies with synthesis tem p era tu re .  A nother avenue of study could be the  
categorisation of optim um  synthesis tem p e ra tu re  for best protective ability.
Also, a quantitative characterisation of the  m agnetic properties  should be carried out, in 
o rder  to  gauge th e  relative oxide-to-metal nanoparticle  ratios, as well as their  susceptibility 
at various frequencies.
7.2 CNT synthesis
Using the  sam e organometallic com pound as above, CNT synthesis was carried ou t using a 
photo-therm al chemical vapour deposition technique. The precursor could be drop cast on 
to  silicon substra tes  w ithout th e  need for t im e consuming and costly spu tte red  layers (such 
as titanium  nitride and aluminium), in addition to  a thin spu tte red  iron film th a t  is normally 
used for this technique.
W hen placed in to  th e  growth cham ber th e  catalyst decom poses  and forms small iron 
nanoparticles, much in th e  sam e way as outlined for th e  decoration of MWCNTs. With the  
addition of an external carbon source (acetylene) carbon nano tube  growth could be 
initiated.
Raman spectra of the  grown CNTs show good peak splitting and a low background, 
indicating th a t  th e  am orphous carbon concentration  in th e  sample is low and exhibit a very 
small Id/ Ig ratio (0.073), suggesting th a t  th e re  are very few  defects within th e  nano tubes  
which are there fo re  of high quality and purity. There is also significant signal a t tr ibu ted  to  
radial breathing m odes (RBMs) at low frequencies, which indicates th a t  th e re  is a significant
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quantity  of single and double-walled CNTs p resen t in th e  sample, which is confirmed by 
STEM analysis.
Synthesis of high quality and purity single, double  and few-walled CNTs via a facile synthesis 
m ethod  could be very beneficial for reducing th e  cost of th ese  products on th e  industrial 
scale, requiring little sam ple preparation, low synthesis t im es and yielding results 
com parable  to  commercial products. Increasing th e  scale on which this m ethod  is used 
should th ere fo re  be a primary rou te  for fu rther  research.
7.2.1 Future Work
This facile sam ple preparation m ethod  coupled with high quality CNT synthesis also paves 
th e  way for spray coating of iron catalyst precursors on to  growth substra tes  leading to  
pa tte rned  arrays. Spray coating, th rough a shadow  mask, or ink je t  printing th e  catalyst 
precursor on to  suitable growth subs tra tes  should be investigated. The versatility o f  the  
com pound  to  initiate growth of  CNTs, shown by synthesis on both quartz  and silicon under 
th e  sam e  growth conditions, may be beneficial in growing on o th e r  growth substra tes , such 
as metallic growth subs tra tes  which have shown very different growth kinetics to  
semiconducting substrates^.
In this thesis only a PT-CVD synthesis m ethod  has been  used. It is hypothesised th a t  th e  
internal carbon source is key to  th e  production of small catalyst nanoparticles, and hence 
small d iam ete r  single and few-walled CNTs of high quality (with respect to  defect 
concentration). This catalyst could be investigated using o th e r  growth cham bers  with th e  
capability for fluidised-bed type CVD synthesis^'®.
7.3 Steam Purification of CNTs
A custom ised s team  t re a tm e n t  process has been  expanded upon, resulting in a significant 
quality im provem ent of carbon nano tubes  and novel super-resilience to  oxidation in air. 
TGA and Raman results have shown th a t  a fraction of s team  purified CNTs are resis tant to  
oxidation in air a t  tem p e ra tu re s  up to  900° C, a vast im provem ent from before  s team  
t re a tm e n t  (550° C). This result has been shown for CNTs em b ed d ed  within nanofibres and
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confirmed by carrying o u t  th e  sam e  steam  process on CNT w etcake  product. Steam 
t re a tm e n t  is known to  selectively oxidise less-ordered carbon materials, such as am orphous 
and defective carbons but super  resilient CNTs have not been  shown, until now.
Samples containing CNTs a fte r  s team  purification are  of higher quality (with respect to  Id/ Ig 
ratio using Raman spectroscopy). The reduction in th e  num ber  of defects  p resen t  in th e  
CNTs is th ough t  to  be a result of s team  preferentially oxidising areas  o f  high defect 
concentration in th e  nano tubes . CNTs th a t  are  resis tant to  oxidation a t  900° C have a very 
low Id/Ig ratio; it is hypothesised th a t  s team  t re a tm e n t  has rem oved defective points from 
th ese  CNTs, w ithou t oxidising th e  remaining pristine nanotubes .
From analysis o f  th e  radial b reathing m odes (RBMs) seen  in Raman spectroscopy, th e  ratios 
of RBM peaks have changed significantly after  s team  t re a tm e n t .  This indicates th a t  certain 
nano tube  d iam eters  are  preferentially oxidised w hen  com pared  to  o thers. This could be a 
result of a higher concentration of defects  being p resen t  in certain nano tube  d iam eters, or 
could be a result of chirality selective oxidation, results as of yet have failed to  provide 
conclusive information e ither  way. However, this could be a significant avenue  to  
investigate fu rthe r  for controlling th e  chirality o f  th e  CNT product, one  of th e  main 
technological goals associated with CNT integration into m odern  electronics.
The steam  t re a tm e n t  process has also been  applied to  CNT loaded nanocom posite  fibres, 
successfully removing am orphous and polymeric carbon materials, leaving highly aligned 
CNT networks. The process has also been  applied to  vertically aligned CNT arrays a t tached  
to  the  growth substra te , and purification with respect to  am orphous  carbon co n te n t  and 
defect concentration was achieved. Additionally iron catalyst particles w ere  show n to  
agglom erate and cause bundling of CNTs. Catalyst particles are  expected to  be held within 
th e  nano tubes  and hence  s team  t re a tm e n t  has been  used to  oxidise th e  defects and caps of 
CNTs and rem ove catalyst material from within them .
7.3.1 Future  W ork
Further work in this area  should include com prehensive Raman spectroscopic analysis o f  th e  
steam  t re a te d  products  with a variety of laser energies. This will lead to  full characterisation
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of th e  CNT types p resen t in th e  sam ples before  and after  s team  t re a tm e n t  and will help to  
de te rm ine  if selective oxidation of CNTs has been achieved. Further s tudies in to  th e  process 
to  obtain larger quantities of super  resilient CNTs should be a m ajor focus, and full 
characterisation of th ese  products should be carried out.
For th e  s team  t re a tm e n t  of CNT-loaded nanocom posite  fibres alternative surfactants, to  
SDBS, should be used, preferably surfactants  th a t  do  not contain inorganic groups th a t  
remain after  s team  t rea tm en t.  Another finding was th a t  small silica particles w ere  found 
th roughou t  th e  fibre after  s team  tre a tm e n t;  it is hypothesised th a t  this contam ination  arises 
from transfer  of poly(dimethylsiloxane), PDMS, (used as a releasing agent) from th e  release 
paper  to  th e  fibre. To avoid this in fu ture , alternative releasing agents  should be used, such 
as PTFE, which contains no inorganic groups th a t  will remain after  s team  t re a tm e n t .
7.4 Concluding Remarks
Straightforward chemical processes have been  outlined for th e  synthesis, purification and 
decoration of carbon nanotubes . These processes aim to  simplify sam ple prepara tion  and 
processing procedures, whilst maintaining high quality materials. In som e cases, th e  
materials produced within this thesis are  of superior quality w hen com pared  with som e 
commercially grown alternatives and s team  purification has d e m ons tra ted  much promise in 
th e  fu rther  purification of already high quality, commercially available, materials. All o f  th e  
investigated processes have been carried ou t  a t  laboratory scales to  prove th e  principles of 
th e  techniques. However, th e  use of relatively cheap  reactan ts  and uncomplicated 
processes provides grea t potential to  th e  up-scaling of th ese  m ethods  to  industrial scales. 
Future work should be directed a t incorporating th e s e  high quality carbon nanostruc tu res  
into composites, such as th o se  produced via eiectrospinning to  obtain large scale materials 
th a t  can be used, for instance, as high quality filters for w a te r  purification, which has been  
shown for th e  removal of rhodam ine dye from solution.
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